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Metallic To Insulating Transition In Disordered Pulsed Laser Deposited Silicide 
Thin Films 
Houssam Abou Mourad 
ABSTRACT 
 A metal-to-insulating transition has been observed in iron, iron oxide, iron silicide 
and cobalt silicide thin films when deposited on Si substrate with a native SiOx layer. 
This transition produced a change in resistance of 5 orders of magnitude at a temperature 
of ~ 250 K. To the best of the author’s knowledge, this effect has not been reported in the 
literature prior to this study. This work reports a systematic experimental investigation 
carried out to understand the fundamental mechanism involved in the manifestation of 
this metal-to-insulator transition. The films were deposited using the pulsed laser 
deposition technique (PLD) in a base vacuum of the order of 10-6 torr at 400o C and room 
temperature. Several experiments were systematically conducted to understand the nature 
of the transition and the current path. Deposition of films on different substrates and the 
deposition of different transition metal films were made to narrow down the physical 
origin of the transition in the sample. Temperature-dependent resistance measurements 
not only exhibited a transition but also suggested more than one conduction mechanism. 
This is confirmed by the data collected for the IV curves. Current and voltage have a 
linear relation at temperatures greater than the transition temperature, and a non-linear 
relation at lower temperatures. Magnetoresistance (MR) measurements revealed a 
viii 
quadratic dependence of the resistance on the applied magnetic field. This is an indication 
that the MR observed is due to Lorentz forces acting on the charge carriers. Transmission 
electron microscopy and x-ray photoelectron spectroscopy have identified different layers 
that are believed to be responsible for the observed transition. X-ray diffraction (XRD) 
experiments were conducted to identify any crystalline ordering. Films that have been 
studied using XRD revealed that the layers were amorphous.
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Chapter 1 
Introduction 
 Fe3O4 (magnetite) is classified as a half-metallic ferromagnet [Z. Zhang, 1991], 
which makes it quite attractive for tunnel junctions and spintronic devices. A material is 
classified as half metal when it exhibits a metal-like conduction for one spin orientation 
of electrons and is insulating for the other orientation. The conduction in this material is 
due to the hopping of electrons between the iron atoms occupying the octahedral 
positions in an inverse spinel structure [X. W. Li, 1998; N. Tsuda, 2000]. As the hopping 
stops, a metal to insulator transition is observed. This is known as the Verwey transition. 
This transition is manifested as a discontinuity in resistivity (an increase of several orders 
of magnitude) around Tv ~120 K for bulk Fe3O4 [X. W. Li, 1998; G. Q. Gong, 1998; E. J. 
Verwey, 1941]. This transition and its characteristic are modified by the stoichiometry of 
the film [L. Wang, 1999; E. J. Verwey, 1941], the film thickness [S. P. Sena, 1997; X. W. 
Li, (1998); M. Ziese, (2000)], and crystalline quality. This change in the transition 
characteristics can be used to determine the qualities of a film. 
 The first efforts of the work presented in this dissertation were intended to study 
the use of pulsed laser deposition (PLD) and dual laser ablation (DLA) techniques for the 
growth of magnetic junctions and structures rather than other deposition techniques such 
as evaporation (CVD) and/or sputtering techniques. It is known that the plume expelled 
from the target as a result of the energy deposited by the laser on the target surface in a 
2 
PLD system is highly energetic [K. L. Saenger (1993); G. K. Hubler (1994)]. The energy 
and ionic content of the plume is increased further when DLA is used as it couples more 
energy to the plume through the incorporation of a CO2 laser in addition to the standard 
excimer laser in a PLD system [S. Witanachchi, (1995); P. Mukherjee (1998 & 1999)]. 
This highly energized plume might change the crystalline quality of the film, the grain 
sizes and/or reactions of the arriving plume with the substrate, thereby effectively 
changing the interactions of the different layers and interfaces of the magnetic structure. 
 Before starting the growth of the magnetic structures it was of interest to study the 
characteristics of the individual layers to be deposited. In the case of magnetite, a 
measurement of resistance versus temperature should give an insight on the film quality 
reflected in the characteristics of the Verwey transition. Resistance measurements of 
magnetite films deposited on Si using PLD showed a broad Verwey transition, that can 
be attributed to the thickness and/or crystalline quality of the film. The fact that a 
transition was observed indicated that the film is most likely magnetite. 
 As a second step to characterizing the individual layer, DLA films were grown 
and examined in comparison to PLD samples and samples grown by other techniques as 
published in literature by other groups. An initial magnetite film grown using DLA did 
not show the Verwey transition, but instead exhibited a metal to insulator transition that 
is greater than 4 orders of magnitude at ~ 230 K. Efforts to replicate this transition in the 
laboratory by reproducing the experiment were not successful. 
 X-ray photoelectron spectroscopy (XPS) studies of the sample exhibiting the 
transition compared to one that does not was made. These experiments showed that the 
difference was that the sample with the transition at 230 K contained an 8 atomic percent 
3 
Si doped magnetite film. Consequently, Fe2O3 (Hematite) target was intentionally doped 
with 5.6 atomic percent of Si to try to reproduce the transition. Studies with the doped 
target using PLD revealed that only samples deposited in an oxygen ambient presented a 
transition similar to what was observed for the DLA magnetite sample. Furthermore, 
hematite samples deposited in oxygen also revealed the transition negating the apparent 
need of Si contamination for the transition to take place. 
 To test the role of Si in the transition an extreme measure was taken and FeSi 
films was deposited using PLD and in vacuum. These samples consistently exhibited the 
transition at a temperature higher than 220 K. Samples of Fe and CoSi deposited on Si 
also exhibited the transition, but Ti and TiSi samples did not. This prompted the study of 
the magneto-transport properties of these interesting films. 
 Through the chapters following this introduction a systematic study of the nature 
of the transition and its possible causes are discussed. Several possibilities for explaining 
this transition have been proposed and examined through this work. Scattering, magnetic 
scattering, charge freeze out and interface interaction have been suggested as possible 
mechanisms and experimentally examined. 
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Chapter 2 
Iron Oxides 
The initial intention of this work was to study the effects of PLD and DLA on the 
fabrication of magnetic structures.  This arises from the high energies involved in the 
plume as it is expelled from the target, which might trigger the deposition of a different 
film quality compared to other deposition methods. This might effectively change the 
properties of a magnetic structure. 
The magnetic material we investigated with intentions of using it in a layered 
structure fabricated with PLD and DLA was Fe3O4. Magnetite (Fe3O4) is a well studied 
ferromagnet and for that reason it was chosen as our starting material. The crystalline 
structure of magnetite is that of a cubic inverse spinel one [X. W. Li, 1998; L. Wang 
1999]. The spinel structure has a generic formula of AB2O4. One cation occupies 
octahedral sites, the other cation the tetrahedral sites and both sites are surrounded by 
oxygen. The inverse spinel has the same physical structure as spinel except that the 
octahedral sites house two cations. In the case of magnetite the formula would be 
represented as Fe3+[Fe2+Fe3+]O4, where the Fe3+ occupy both tetrahedral and half the 
octahedral sites, and the Fe2+ occupy the other half of the octahedral sites. A depiction of 
the structure of inverse spinel is shown in figure 2.1 along with octahedral and tetrahedral 
sites. 
5 
Being classified as a half metallic ferromagnet [Z. Zhang, 1991], magnetite is 
quite attractive for tunnel junctions. A material is classified as half metal when the 
material exhibits metal like conduction for one spin orientation of electrons and is 
insulating for the other orientation. This can be seen in Fe3O4 from the location of the 
Fermi energy with respect to the spin polarized electron bands obtained from linear 
muffin tin orbital (LMTO) calculations and from the density of states calculations 
presented in figure 2.2 and 2.3 respectively [Z. Zhang and S. Satpathy, (1991)]. It can be 
easily seen that the Fermi energy falls in a band gap for electrons with spin ↑ while it 
falls inside a band for spin ↓ electrons. These metallic like electrons belong to the Fe 
atoms in the octahedral sites. This not only predicts the half metallic nature of Fe3O4 but 
also predicts or confirms the electrical transport mechanism discussed below. From this 
theoretical prediction one can expect Fe3O4 to be highly spin polarized, although only ~ 
40% negative spin polarization has been measured [S. F. Alvarado, 1975].  
 
Octahedral position 
Tetrahedral position 
Figure 2.1: Fe3O4 crystalline inverse spinel structure. Large open circles O2-, small hatched circles Fe3+, 
small open circles Fe2+ and Fe3+. N. Tsuda, K. Nasu, A. Fujimori, K. Siratori: Electronic Conduction in 
Oxides, Springer, 2000, p. 246. 
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Electrical conduction in this material is generally agreed on, and is attributed to 
the hopping of electrons between the iron atoms occupying the octahedral positions  
(occupied by both Fe3+and Fe2+ and illustrated as small open circles in figure 2.1.1) [X. 
W. Li, 1998; N. Tsuda, 2000]. As hopping is frozen due to the ordering of Fe ions 
occupying the octahedral sites a metal to insulator transition known as the Verwey 
transition is observed [Z. Zhang, 1991; N. Tsuda, 2000; E. J. Verwey, 1941]. This 
transition is manifested as a discontinuity in resistivity (an increase of several orders of 
magnitude) around Tv ~120 K for bulk Fe3O4 [X. W. Li, 1998; G. Q. Gong, 1998; E. J. 
Verwey, 1941].  
Characteristics of the Verwey transition change with the properties of the 
material, such as if the material is bulk or film. For example, the transition point Tv ~ 120  
Figure 2.2: Spin polarized electron bands for F3O4 obtained from local spin density LMTO calculations 
[Z. Zhang and S. Satpathy, (1991)]. 
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K is the bulk value, but when deposited as a film, the transition temperature is measured 
to be at 121 K instead [X. W. Li, (1998)] and it is found that Tv decreases with decreasing 
film thickness [S. P. Sena, 1997; M. Ziese, (2000)]. Even in film form the characteristics 
of magnetite vary, such as the observed broadening of the transition with decreasing film 
thickness [X. W. Li, (1998); M. Ziese, (2000)]. This is noticeable from figure 2.4 for 
films ranging in thickness from 150 – 6600 Å. Crystalline quality of the film also plays a 
role, as evident from the absence of the transition in quenched polycrystalline samples [L. 
Wang, 1999]. The transition could even decrease in magnitude and eventually disappear 
with an increase in oxygen content [E. J. Verwey, 1941], which is an indication of the 
transition and transport dependence on the stoichiometry of the sample. All these 
Figure2.3: Spin projected one-electron densities of states and numbers of states for magnetite [Z. 
Zhang and S. Satpathy, (1991)]. 
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physical properties and their dependence on film quality were used in this work to verify 
the growth of magnetite as deposited by PLD and DLA. 
It is also known that magnetite has a small negative magneto resistance (MR) 
with MR defined as (RH-R0)/R0 where RH and R0 are the in-field and no-field resistance 
[G. Q. Gong, 1998; V. V. Gridin, 1996; X. W. Li, 1998]. The MR does not vary much 
with temperature until Tv where it spikes. As plotted in figure 2.5 the sharp increase 
reaches about ~20 % for thick high quality films at 4T. Note that MR in figure 2.5 is 
positive but it is due to the formula the authors used to define MR which is  (R0-RH)/RH. 
The MR dependence on temperature is observed both in films and bulk.  
Other indications of the Verwey transition are an anomaly in the heat capacity [J. 
P. Shepherd, 1991] and a sudden drop in magnetization. Both phenomena are shown in 
figures 2.6, and 2.7 a and b. From the heat capacity versus temperature measurements one 
can clearly see that there is stoichiometry dependence on whether the transition is first or 
second order, and at what temperature it will occur. These samples were bulk samples  
Figure 2.4: Resistance properties of Fe3O4 and its dependence on thickness [X. W. Li et. al. (1998)]. 
The insert is a plot of Tv for different film thickness. 
9 
(5×5×0.7 mm3) and the stoichiometry was varied by varying the Fe content in the 
samples according to the chemical formula Fe3(1-δ)O4, where 0.00018 ≤ δ ≤ 0.0121. 
Magnetite has been previously grown epitaxially on MgO using the pulsed laser 
deposition (PLD) technique [G. Q. Gong, 1997]. Fe3O4 was also grown epitaxially on Si 
and GaAs substrates buffered with MgO, but grows with a random in-plane (111) 
orientation when Si and GaAs are bare and oxide free [R. J. Kennedy, 1999]. 
Figure 2.5: Magnetoresistance for 6600Å thick Fe3O4 films deposited on (100) MgO [G. Q. Gong et. 
al. (1997)]. 
Figure 2.6: Resistivity (at 0 magnetic field) and magnetization (measured in 300 Oe) as a function of 
temperature for Fe3O4 films deposited on (100) MgO [G. Q. Gong et. al. (1997)]. 
10 
 
(a) 
(b) 
Figure 2.7:  Heat capacity versus temperature plots of homogeneous single crystal Fe3O4, (a) exhibiting 
first order transition, (b) exhibiting higher order transition [J. P. Shepherd et. al. (1991)]. 
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Chapter 3 
Sample Deposition and Characterization 
Section 3.1  
Deposition 
The deposition process took place at our laboratory [the Laboratory for Advanced 
Materials Science and Technology (LAMSAT)], Department of Physics, University of 
South Florida. The technique used was pulsed laser deposition (PLD). Just like any other 
technique, PLD has advantages and disadvantages. Some of the advantages are: 
stoichiometric film deposition, energetic plume, relative safety, ease of operation and the 
flexibility of using any kind of ambient gas during deposition, including reactive species 
if necessary [K. L. Saenger (1993); G. K. Hubler (1994)]. The most prominent 
disadvantages of this process are the deposition of micron and sub-micron size 
particulates and the narrow angular distribution of the plume. These disadvantages are 
most noticeable when smooth films or large uniform coverage areas are required. A 
variety of techniques can in principle alleviate the particulate problem, such as 
appropriate adjustment of laser fluence, mechanical shuttering, colliding beam deposition 
and dual laser ablation. Particularly for research purposes where the radial sample 
dimensions are small PLD is an excellent deposition technique and the disadvantages 
become irrelevant. 
 
12 
 The PLD system layout is very simple and is depicted in figure 3.1.1. It consists 
of an excimer laser acting as the power source, a deposition chamber that contains both 
the target and the substrate, and optics (mirrors and a lens) that are used to direct and 
focus the laser beam on the target. The operation of the system involves striking the 
target repetitively by the laser, but interactions between parameters controlling the 
E 
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Figure 3.1.1: Depiction of the PLD system used to deposit the silicide films. The system consists of a 
laser, acting as a power source, and lenses and mirrors to direct and focus the laser beam on the target 
which consists of the material to be deposited. In front of the target is the substrate where the material is 
collected and deposited. The substrate could be held at a temperature different than that of room 
temperature, and the atmosphere of the chamber could be vacuum or filled with a reactive or non-
reactive gas. 
13 
process and the dynamics of the ejected material are very complex. For an excellent 
review of PLD the reader is referred to the two-part article by K. L. Saenger [K. L. 
Saenger (1993)] and the book by G. K. Hubler [G. K. Hubler (1994)] where both authors 
explain the technique in detail. They also explain the relation of the different deposition 
parameters with the film quality. 
The deposition of the energy from the laser to the target occurs in such a short 
time that thermal relaxation or dissipation does not spread from the area of laser 
impingement. This causes an explosive evaporation from the target’s surface, resulting in 
a laser-ablated plume that forms and travels perpendicular to the target surface in an 
expansive mode. The plume consists of a mixture of electrons, ions, atoms, molecules 
and particulate of sizes in the micron and sub-micron range. The explosive material is 
collected by a substrate mounted at a fixed distance in front of the target. This process of 
explosive evaporation, or ablation, could take place in vacuum or in a certain ambient, 
which is either reactive or not. Parameters that control the film’s quality are the laser 
energy, laser spot size, target to substrate distance, substrate properties, substrate 
temperature and deposition atmosphere. 
Dual laser ablation (DLA) is an offspring of the traditional pulsed laser deposition 
technique (PLD) used for decades. DLA was developed in the University of South 
Florida at the Laboratory for Advanced Material Science and Technology [S. 
Witanachchi, (1995); P. Mukherjee (1998 & 1999)]. DLA incorporates a temporally 
synchronized CO2 laser in the PLD setup, where the beam of the additional laser would 
spatially overlap that of the excimer laser and precede it in time by a predetermined 
amount dependent on the CO2 laser fluence, and the thermal and optical properties of the  
14 
target. Incorporation of the CO2 laser with proper time delay (~ 50 ns) virtually 
eliminates particulates and greatly improves the coverage area both of which are common 
drawbacks of PLD. DLA causes the enhancement of plume excitation by increasing the 
number of ions present in the plume. This excitation also induces better reactivity with 
the ambient gas present in the chamber and increases the nucleation sites on the substrate. 
It also enhances the radial expansion of the plume producing large uniform area coverage 
of the substrate, while preserving the stoichiometry for multiple component targets. Since 
adjusting the overlap of the two laser beams in time allows the user to eliminate the 
particulates in a film or control the particulate size [S. Witanachchi, (1995); P. Mukherjee 
(1998 & 1999)], DLA is useful for the production of heterostructures and/or 
nanoparticles. 
Even though a number of substrates were used during the experiment, we 
concentrated our efforts on silicon (Si). The Si substrates we used were commercially 
acquired p-type (boron-doped), with a (100) orientation. The resistivity of the substrates 
varied from very low values to > 3000 ohm-cm. This variation in substrate resistivity was 
purposely used to study its effect on the sample’s properties. 
Si crystallizes in the diamond structure with a lattice constant of 5.43 Å. The 
diamond structure could be viewed as two face-centered cubic Bravais lattices one inside 
the other but shifted along the diagonal by one fourth of its length as illustrated in figure 
3.1.2.  It is known that Si is an indirect semiconductor, with a band gap value of about 
1.12 eV when measured at 300K [S. M. Sze, (1981)]. 
Doping Si causes changes in the conductivity depending on the amount and type 
of doping. Silicon (or any semiconductor) is said to be p-type when the dopant accepts an 
15 
electron from its neighboring silicon atoms, like in the case of boron or gallium (IIIA 
elements), creating a hole or an absence of an electron. On the other hand if we dope 
silicon with an element such as arsenic (VA element), it donates an electron and changes 
the silicon to an n-type semiconductor. Figure 3.1.3 shows the conductivity of boron-
doped Si (p-type) with respect to temperature. The boron concentration is ~1015 
atoms/cm3. Figure 3.1.3 was produced by extracting data from a digitized figure 
containing the results of conductivity dependence on temperature for Si of different 
dopant concentration [F. J. Morin (1954)]. At high temperatures the doped Si behaves 
like a metal, where the resistance (conductivity) drops (increases) with a decrease 
(increase) in temperature. At ~120 K the resistance increases exponentially exhibiting 
behavior expected from an intrinsic semiconductor. 
Figure 3.1.2: Si crystallographic structure. It is the diamond structure, which is two fcc structures 
shifted along the diagonal with respect to each other. [C. Kittel,  (1996)] 
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Usually chemical cleaning is enough to remove any surface contaminants, but 
mechanical or heat treatment are also used to clean and reconstruct the surface of the 
substrate. The cleaning eliminates any possible problems due to contamination or lattice  
imperfections at the interface. In the case of the films deposited for the experiments 
presented in this study, only chemical cleaning with acetone and methanol in ultrasound 
baths were performed, except for those samples implicitly specified during specific data 
discussions in later chapters. The substrate was first put in an acetone ultrasound bath for 
10 minutes. Then it was moved to a methanol ultrasound bath for another 10 minutes. 
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Figure 3.1.3: Resistivity curve of B-doped Si with a density of ~ 1015 atoms/cm3, which is the same 
density as the substrates used in this report. This figure was extracted from F. J. Morin et. al. Phys. Rev. 
96, 28 (1954) by digitizing the figure and re-plotting the data here.  
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After the ultrasound baths were done, the substrate was rinsed with methanol and then 
blown dry with pure nitrogen. 
After the substrate was cleaned it was mounted on a heating block facing the 
target which would be used in the ablation process. Two methods were used to secure the 
substrate to the heating block. Each method was implemented depending on the 
temperature at which the sample would be deposited. If the sample was to be deposited at 
room temperature, the substrate would be mechanically pressed against the surface of the 
heating block by a stainless steel tab. The tab was attached to the block by a screw which 
when tightened would press against the substrate and when loosened would release it. If a 
high temperature deposition was to take place the substrate was secured to the heating 
block by silver paint. This method ensured equal heating of the substrate and eliminated 
any temperature gradients that might be present if the substrate was secured 
mechanically. 
 The target was 1.25” in diameter and 0.25” in height. It was fixed to a 0.5” shaft 
connected to the target motor by means of a rotational feed through. The motor was used 
to rotate the target during deposition to minimize the damage to the target from the 
ablation process. The distance between the substrate and the target during deposition was 
set to 4 cm. After mounting the target, the laser spot area was measured after being 
directed and focused on the target’s surface. This measurement was used to calculate the 
fluence, which is equal to the energy of the laser pulse divided by the area of the spot. 
The fluence of the laser during the deposition of the samples for this study was ≈ 2.5 - 5 
J/cm2. Prior to mounting the target, it was sanded and polished to remove any grooves or 
mechanical damage that would be produced by previous ablations. The targets used in 
18 
this study were usually commercially acquired, unless specified for a particular sample or 
experiment. More elaboration of the target’s content will be made during discussion of 
the specific samples used in the experiments. 
 After securing the target and substrate in place, the chamber was sealed and 
pumped down to a base pressure in the range of high 10-7 torr. The samples were 
deposited in vacuum at base pressure, unless specified during the discussion of a 
particular sample. The substrate was brought up to deposition temperature by heating the 
block it is mounted on. A 600-Watt light bulb is fixed inside the block and serves as the 
heating source when a voltage is applied to it. 
 The laser used was a Lambda Physik KrF Compex 102 excimer laser. The 
wavelength is in the UV range with a value of 248 nm and a pulse width of about 20 ns. 
The frequency at which the target was ablated was 4 Hz (four shots per second). At the 
end of the deposition cycle the sample was cooled down to room temperature and taken 
out of the chamber for characterization. 
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Section 3.2 
Sample Characterization 
 The samples were characterized using several techniques to gain information 
about the atomic composition, crystalline structure, sample layering and transport 
properties of the deposited films and their interaction with the underlying substrate.  
X-ray photoelectron spectroscopy (XPS) measurements were taken using a 
Physical Electronics 5400 ESCA at AMPAC, University of Central Florida. This 
characterization technique consists of the study of the energies of electrons that have 
been ejected from the core or valence shell of an atom. The ejection of the electron 
occurs when it is hit by an x-ray photon originating from a monochromatic source. The 
energy difference between the kinetic energy of the electron and the energy of the x-ray 
photon give the investigator the data needed to identify the atom from which the electron 
was ejected and what the atom is bonded to. A profile of the composition of the film can 
be studied when this technique is coupled with a sputtering process. The profiling can be 
done by taking an XPS data set, sputtering for some determined time and taking another 
XPS data set. This procedure would be repeated until the desired sampling depth has 
been reached generating a film composition versus depth profile. 
The crystalline structures of the samples were studied by x-ray diffraction (XRD) 
theta 2-theta powder technique. A Philips X’Pert system was used for the XRD studies at 
the Engineering Metrology Lab, University of South Florida (USF). This is done by 
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shining a collimated monochromatic x-ray beam on the sample at different angles and 
plotting the diffracted pattern following Bragg’s law, 
( )θsind2nλ =  
where n is the order of reflection, λ is the wave length of the x-ray source, d is the 
distance between the crystallographic planes and θ is the angle of incidence. XRD theta 
2-theta measurements were done on the samples with 2-theta sweeping values from 20o 
to 80o at a step size of 0.005o and 1 second of time per step. The sample dimensions were 
usually small (about 2 × 2 cm) and for this reason some mounting procedures were 
necessary to be able to take the diffraction measurements. A glass piece of about 1.5” by 
1.5” was used as the substrate where the sample was fixed with double sided tape. The 
sample had to be physically fixed to a bigger substrate for the machine mounting stage to 
be able to grab the sample. The glass substrate also was useful to provide an amorphous 
background and get rid of unwanted peaks, which would have been observed from the 
mounting stage. 
Crystalline structure and thickness measurements were the first two 
characterizations that were performed because of the non-destructive and non-
contamination nature of the instruments used. The thickness of the samples was also 
studied at the Engineering Metrology Lab by using a profilometer. This is a very simple 
method and it consists of a needle-like probe that moves across the surface of the sample 
giving a height profile of the structures present on the surface. The thickness 
measurements were done by profiling the edge of a shadow formed by a mask covering 
the substrate and shielding it from deposition. When depositing the sample, care was 
taken that part of the center of the plume impinged on the mask. This type of alignment 
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assured that the measured thickness would be across a limited portion of the radial profile 
of the film. The substrate intercepted a cone angle of 14o of the central profile of the 
plume. The values later presented for thickness are an average calculated from different 
readings along the shadow of the film deposited on the substrate. 
The layering structure of the film was imaged using a Hitachi HD-2000 CF-
STEM transmission electron microscope (TEM); which also allowed the study of the 
ratios of the elements deposited in the film. A TEM basically operates as an optical 
microscope does, except that instead of visible light, electrons are used as the 
illumination source, and the lenses that are used are not made out of glass but of electric 
and magnetic fields. 
Transport properties such as DC resistance and IV characteristics were 
investigated using a standard four-point probe configuration at our laboratory. After 
deposition was complete and the sample removed from the deposition chamber, indium 
contacts were mechanically placed on the sample by pressing a piece of indium wire 
against the sample. The sample was then placed on a Cu finger, which was attached to a 
compressed He cooling system. Silicon grease was used to fix the sample in place. Cu 
wires were used as leads for the current delivery and the voltage probing. The leads were 
placed on the indium pads making sure that contact had been made by observing the 
reading of the voltage (for the voltmeter leads), and that the voltage applied to deliver the 
current was not exceeding the constant current power supply maximum voltage settings. 
Silver paint was placed on the leads and the indium contact pads to insure that the leads 
would remain in electrical contact throughout the experiment. A schematic representation 
of the system setup for voltage measurements is presented in figure 3.2.1. 
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The devices controlling the parameters of the measurement (applied current, 
measured voltage, and temperature control and reading) were controlled by a PC through 
Constant Current Pulse 
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Figure 3.2.1: Schematic of the voltage measurement system. A PC through a GPIB connection to the 
different devices controlled the measurement process, namely, applying the current pulse, measuring 
the voltage, temperature control, and data storage. 
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a GPIB board. A LabVIEW program was written to control the temperature at which a 
measurement is to be taken, the temperature steps between measurements, the number of 
current pulses per measurement, and values of the current to be applied before a 
measurement is taken. Resistance was calculated using Ohm’s law
I
VR = , where V is the 
voltage measured along the sample and I is the applied current.  This calculation was 
made when a current pulse was applied to the sample using a Keithley 224 constant 
current source and the voltage measurement was done by a Keithley 182 nano-voltmeter. 
Measurements were taken ten times for every current value, five times in one current 
direction and five others in the opposite direction. An average and standard deviation of 
the voltage measured for every current value was taken and used to calculate an average 
resistance. The current pulses varied from 1 to 100 µA; which enabled the measurement 
of IV characteristics at the same time as sample resistance. These resistance calculations 
were plotted as a function of temperature. An APD closed-cycle cooling system and Lake 
Shore temperature controller adjusted the temperature. In combination they maintained 
the temperature within a degree while measurements were being taken. 
 Magnetoresistance (MR) measurements were performed using a Physical 
Properties Measurement System (PPMS) at USF; which was also used as an independent 
system to verify the existence of a temperature dependent resistance transition. MR is the 
measurement of change of the resistance when a magnetic field is applied. This effect is 
calculated using the following equation: 
0
0H
R
RR
MR
−=  
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Here RH is the resistance in a magnetic field and R0 is the resistance out of the magnetic 
field. It is said that the MR is positive when resistance increases in a magnetic field and 
negative when resistance decreases. Magnetoresistance dependence on temperature and 
the dependence on magnetic field at a fixed temperature were obtained. The samples 
were in an inline four-point probe configuration. They were fixed to the measurement 
puck by vacuum grease. The magnetic field was applied parallel and perpendicular to the 
sample surface and current path. This was done to elucidate the cause of the transition. 
Since the PPMS provided the magnetic field in one orientation (perpendicular to the 
sample surface) an aluminum stub was used to prop the sample and orient it parallel to 
the magnetic field. We were able to test up to three different samples at the same time. 
The configurations of the magnetic field with respect to the sample were parallel to 
sample surface and current path, parallel to the sample surface and perpendicular to the 
current path, and perpendicular to both sample surface and current path. Measurements 
were taken at field values varying from 0 to 7 T. The same method that was used to make 
the electrical contacts to generate the resistance curves was also employed in the MR 
measurements. 
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Chapter 4 
Experiments and Results of Iron Oxide 
Samples were grown at our laboratory on Si (100) substrates using the PLD 
technique. According to the literature reviewed in the previous section, polycrystalline 
samples should be expected, which would be reflected by a broad Verwey transition in 
the resistance versus temperature measurements. 
 Measurements of the resistance dependence on temperature were used as an 
indication for the quality of the films by just studying the characteristics of the Verwey 
transition. The first samples made with PLD seemed to agree with the literature (see 
figure 4.1) for thin polycrystalline films. This was based on the fact that resistance 
measurements with respect to temperature of PLD grown magnetite films exhibited a 
broad transition at ~ 120 K. 
Following these results DLA samples were made in order to compare them to 
PLD samples. The resistance versus temperature measurements made on a DLA sample; 
which was deposited under the same conditions as the PLD samples, is shown in figure 
4.2. A difference between the two samples (PLD and DLA) is visible. It is obvious that a 
transition in resistance from a metallic-like behavior to insulator (or semiconductor) is 
present, which was expected. However, the transition temperature was expected to be 
about 100 degrees lower than the observed value which is ~ 220 K.  
26 
 To understand the nature of the transition and to confirm the type of iron oxide 
present in the sample, X-ray photoelectron spectroscopy (XPS) studies were performed 
on the sample that did show the transition and on a sample that did not show it. The 
results indicated that the sample with a transition at ~220 K contained an eight atomic 
percent of Si in the film beneath the surface. In order to investigate the role of Si in the 
film, an Fe2O3 target doped with 5.6 atomic percent of Si was made and used to grow 
films on Si using the PLD method. 
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Figure 4.1: Resistance measurements of a PLD deposited magnetite film. It was deposited at ~400o C 
for 1.5 hrs. A broad transition is an indication of either a polycrystalline or thin film. 
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 A film deposited on Si with the silicon-doped target in vacuum (M031) did not 
show the metal to insulator transition (see figure 4.3). However, when the film was 
annealed in an oven at the deposition temperature (~ 400o C) in air and at atmosphere 
pressure for half an hour, a sharp transition of approximately 5 orders of magnitude from 
a conductive, to a highly resistive state was observed. Onset of the transition was around 
230 K. Based on these results it was clear that in the presence of air at high temperatures, 
the iron oxide silicon doped film undergoes a structural and/or compositional change that 
gives rise to the conduction to insulation transition at a temperature much higher than the 
Verwey transition temperature. This hypothesis was confirmed by the observation of the 
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Figure 4.2: A standard 4-point probe measurement showing a metallic- insulator transition. This 
magnetite film was deposited using DLA at ~ 400o C. 
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transition in a film (M032) that was deposited from the Si doped target at a 1 mtorr 
oxygen ambient pressure (figure 4.3). 
According to results in figure 2.2.3 a study of oxygen pressure in samples doped 
with silicon was appropriate, since the transition is manifested when both elements are 
present during the deposition. Several films were deposited at different oxygen ambient 
pressures. The environment pressure was varied from 0 up to 10 mtorr maintaining all 
other parameters constant. All samples showed the transition with some slight differences 
(see figure 4.4). It would be expected that when iron oxide films are deposited at such 
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Figure 4.3: Resistance dependence on temperature of Si-doped iron oxide films. The metallic to 
insulating transition is not quite clear when deposited in vacuum (M031), but is apparent when annealed 
in air (M031 annealed) or when deposited in an O2 ambient (M032). 
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high oxygen pressures, Fe2O3 is more likely to form instead of Fe3O4, especially when the 
target is Fe2O3 to start with. 
Fe2O3, also known as hematite, is considered as a semiconductor [S. K. Pawar, 
1983] or a material with high resistivity [S. Bae, 2001; N. Hasegawa, 1996; Y. Gao, 
1997]. Hematite exhibits a first order transition at about 263 K, which is known as the 
Morin transition [M. Vasquez-Mansilla, 2001]. This transition changes the material from 
a weak ferromagnetic state to an anti-ferromagnetic state by flipping spins 90o from a 
basal plane orientation to an orientation along the c axis [M. Vasquez-Mansilla, 2001; F. 
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Figure 4.4: Resistance dependence on temperature for Si-doped iron oxide films deposited on Si in 
different oxygen ambient pressures. 
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Bodker, 2000; G. Kletetschka, 2002; C. G. Shull, 1951] (see figure 4.5). Because of the 
nature of the Morin transition, the resistance transition was attributed to a spin dependent 
scattering mechanism introduced by the spin flip. However, the resistance measurements 
made in and out of a magnetic field of up to 4 T did not seem to change the point of 
transition or the sharpness (i.e. temperature range covered by the transition), creating 
doubts about the nature of the transition and its relation to magnetic scattering. 
To try to identify the part played by Si doping in the transition, we made samples 
of un-doped iron oxide in a 2 mtorr oxygen atmosphere. When tested for their resistance 
characteristics, the results were as shown in figure 4.6. A transition in resistance at ~230 
K was obtained, where the magnitude of the transition is about 5 orders over a short 
range of temperature. This experiment suggested that Si in the Fe2O3 film might not play 
any role in producing the resistive transition. Resistance data collected from these 
samples have shown non-smooth data, especially around the transition point.  
Figure 4.5: Illustration of spin orientation before and after Morin transition for Fe2O3. D. J. Craik 
Magnetic Oxides Part 2, John Wiley & Sons, 1975, p. 665. 
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With this data in mind, it was thought that Fe2O3 is behaving as a metal down to 
230K, suggesting that hematite could be conducting anisotropically along grains that 
might be a product of columnar growth (perpendicular to the substrate), and the Morin 
transition is responsible for the sudden increase in resistance by magnetic scattering. The 
current path would be along the grains down to the substrate, then across the substrate 
towards the second current lead and up the grains again. To further study this possibility 
we also decided to check on the role of the interface between the substrate and the film. 
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Figure 4.6: Results of resistance measurement versus temperature for un-doped iron oxide (Fe2O3) film 
deposited in a 2 mtorr O2 atmosphere. 
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The deposition of Fe2O3 and Fe3O4 on substrates other than Si (glass, MgO, sapphire) 
produced only films as predicted by the literature already referenced. This suggested that 
indeed a certain interface or conducting substrate is needed and the Morin transition 
might not be the only factor or a factor at all for the transition to take place. 
As observed by previous results an O2 atmosphere is needed for a manifestation 
of the transition. It was also found that the presence of Si was not necessary (to get a 
transition), or alternatively the right proportion of Si to Fe was not used, since we only 
used 5.6 atomic percent doping instead of the 8 % measured in XPS, and the 
measurements never reached the film-substrate interface.It was thought that the presence 
of the transition in iron oxide films, observed earlier, was because of the possibility that 
the film itself was reforming or restructuring, at least at the interface. K. Ruhrnschopf et. 
al., found that oxygen could diffuse down (by oxidizing Fe) to the Si substrate by 
exposing the iron film to an oxygen atmosphere. At the right temperatures O also could 
change partners from iron to silicon and form SiO2, which is distributed all over the FeSi2 
interface produced as result of the reaction. This transformation gives as a product, 
clusters of SiO2. If this actually is the case for the samples produced by the experiments 
discussed here, it might explain the noise, or non-smoothness of the data in the iron oxide 
films that present the transition, which could be attributed to scattering across grain 
boundaries with different stoichiometry and conduction mechanisms. The deposition of 
Fe films with high Si doping was done to verify if an increase of Si content in the films 
would change the transition characteristics. Results of such experiment are discussed in 
later chapters. A review of the knowledge of the characteristics and growth of FeSi is 
presented in the following chapter.
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Chapter 5 
Iron Silicide 
FeSi is described as a narrow gap semiconductor that has the B20 simple cubic 
structure [T. Jarlborg (1995), A. Cahinani et. al. (1994), G. Y. Guo, (2001)], and a lattice 
constant of 4.48 Å [S. Paschen et. al. (1997)].  The classification comes from the 
Strukturbericht designation, where B stands for a diatomic structure of equal ratio and the 
20 is the historical order of when the lattice was studied. The atomic arrangement is very 
simple as can be observed in figure 5.1. In the [111] direction a layer of iron atoms is 
followed by a layer of silicon atoms. This arrangement is quite interesting for magnetic 
application in thin film form, since Fe-terminated (111) surfaces could show 
ferromagnetism as calculated by G. Y. Guo, while Si-terminated (111) surfaces only 
would show as weak or nonmagnetic. The magnetic moment in Fe-terminated surfaces 
decreases rapidly as one moves inward. 
The susceptibility in FeSi, figure 5.2, has a strong dependence on temperature; it 
exhibits a maximum at 500 K [V. Jacarino et. al. (1967)]. Around room temperature and 
down to 100 K the susceptibility can be fitted to an activated behavior [Z. Schlesinger et. 
al. (1993)]. Below 100 K the susceptibility rises again. The whole temperature range of 
330 to ~ 4× 10-4 K was modeled to fit an equation containing 1 activation term and 2 
Curie-Weiss terms as seen in equation 5.1 [S. Paschen et. al. (1997)], 
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where c = 1.8 K, T0 = 670 K, C1 = 8.0 mK, Θ1 = -870 mK, C2 = 0.26 mK, and Θ2 = 34 
mK. 
Figure 5.1: FeSi crystallographic structure. It is classified as B20 simple cubic structure. The 
classification comes from the Strukturbericht Designation, where B stands for a diatomic structure of 
equal ratio and the 20 is the historical order of when the lattice was studied [G. Y. Guo, (2001)]. 
Figure 5.2: FeSi susceptibility dependence on temperature [Jaccarino et. al. (1967)]. 
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There are reports of a gap being formed at low temperatures and that it disappears 
above T~250 K [A. Cahinani et. al. (1994), Z. Schlesinger et. al. (1993)]. This material 
presents a gradual change in its resistivity below 300 K [A. Cahinani et. al. (1994), L. 
Digiorgi (1995)], changing its transport properties from a dirty metal to a semiconductor. 
The changes in resistivity are gradual and cover a broad range of temperature (see figure 
5.3). 
Early studies explained the magnetic and electric properties of FeSi by 
interpreting results from electrical conductivity, thermal power and Hall coefficient 
experiments [V. I. Kaidanov et. al. (1968)]. V. I. Kaisdanov et. al. reached the conclusion 
that mono-silicide materials properties are dictated by their d electrons, which do not 
participate in bonding. In the case of FeSi Kaisdanov concluded that the magnetic and 
electric properties are governed by the 3d metal electrons which form two narrow sub-
bands, the lower filled with electrons and the upper one totally empty at absolute zero. 
More recently iron silicide has been described as a Kondo insulator [C. Fu et. al. (1994), 
G. Aeppli et. al. (1999), Z. Schlesinger et. al. (1993), D. Mandrus et. al. (1995)]. Z. 
Figure 5.3: FeSi resistivity dependence on temperature. The data in this plot is for single crystal [M. 
Mihalik et al.,  (1996)]. 
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Schlesinger got to this conclusion after analyzing data obtained from near normal 
incident reflectivity and conductivity experiments. In a later publication he re-argues that 
it is not quite correct to classify FeSi as a Kondo insulator but rather as a strongly 
correlated insulator [Z. Schlesinger et. al. (1997)].  
 As it stands today, the scientific community has not reached a complete consent 
on the transport mechanism. It is mostly agreed that the Fermi energy of FeSi falls in the 
middle of a gap where the value for the direct gap is 75 - 100 meV and 55 – 70 meV for 
the indirect gap [S. Paschen et. al. (1997)]. The density of states (DOS) around the gap is 
high and narrow, with a width of about 50 meV.  The values just stated above for the 
band gaps and the widths of the bands surrounding them were extracted from 
susceptibility measurements. These values when used to model or verify the resistivity 
behavior of the same samples do not explain the electrical transport property as well as 
they did for susceptibility [D. Mandrus et. al. (1995)], suggesting that the gap size 
relevant for one property is not relevant for the other [S. Paschen et. al. (1997)]. Chainani 
implies similar conclusions when he justifies the different values for the band gap he 
extracted from photoemission spectroscopy experiments in comparison with values 
obtained from electrical resistivity, magnetic susceptibility, and optical conductivity 
experiments [A. Chainani. et. al. (1994)]. 
It also has been presented that there are different regions, with different physics 
governing FeSi properties in each region [T. Jarlborg (1995), V. V. Glushkov et. al. 
(2000)]. Glushkov identifies three regions with different mechanisms: region I (T = 75 K 
- 300 K) intrinsic conduction with an indirect band gap of 60 meV, region II (T = 7 K-75 
K) extrinsic conduction with a direct band gap of 6 meV and region III (T < 7 K) 
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coherent state formation.  K. G. Lisunov et. al. state that conduction in the temperature 
range of 100 K – 170 K satisfies the Arrhenius laws while it satisfies variable range 
hopping as the temperature is lowered [K. G. Lisunov et. al. (1996)]. 
The magnetoresistance (MR) measured for different samples showed different 
behavior [H. Ohta et. al. (1997), K. G. Lisunov et. al. (1996)]. These differences in MR 
could be attributed to differences in sample qualities. In general MR decreased with 
increasing temperature. Lisunov also pointed out that magnetic field and temperature 
dependences of the observed MR suggest both positive and negative magnetoresistance 
contributions that have different field and temperature dependence. The positive 
contribution agrees with the model that takes into account both the intra-site and the spin 
flip scattering of the hopping scattering, and the negative magnetoresistance is explained 
by Zeeman splitting of the mobility thresholds [K. G. Lisunov et. al. (1996)]. 
Several groups have studied the interaction of Fe with Si under different 
conditions and the formation of iron silicides. Rührnschopf et. al. studied the growth 
mechanism of iron silicide at 300K and its reactivity at higher temperatures. These 
studies were carried out by the deposition of iron using a pure iron coil on a clean Si 
substrate followed by x-ray photoelectron spectroscopy (XPS) measurements. As 
deposited, the films did not show iron silicide formation or diffusion of either element. 
Layers of up to a thickness of 2 monolayers do show some interaction with the substrate. 
The iron silicide is formed after annealing the sample, and the conversion of the entire Fe 
film to iron silicide is film thickness and temperature dependent [K. Rührnschopf et. al. 
(1996)]. These results are different from the ones obtained by A. V. Zenkevich et. al. 
where they deposited Fe films on clean Si using pulsed laser deposition (PLD) instead of 
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evaporation. They found that iron mono silicide is formed and this is attributed to an 
explosive crystallization. The interaction of Fe with the Si substrate can also be altered or 
modified not only by deposition technique, but also by deposition conditions such as 
substrate surface [C. Chemelli et. al. (1993)] and atmosphere [H. C. Swart (1994)]. C. 
Chemelli et. al. demonstrated that a thin native oxide layer is enough to stop the 
formation of an iron silicide film at the Si interface when the film is deposited at room 
temperature. FeSi begins to form when the sample is annealed at temperatures higher 
than 450o C as the Fe diffuses through the oxide layer forming SiOx/FeSi/Si or 
SiOx/FeSi2/Si structures. The presence of an oxygen atmosphere during deposition 
enriches the film with oxygen making Fe the diffusion species instead of Si. Annealing of 
the sample induces FeSi formation with SiOx collecting at the Fe/silicide interface. The 
presence of oxygen in the film with a concentration higher than 2 atomic percent prevents 
any silicide formation due to FeO formation [H. C. Swart et. al. (1995)]. 
The properties of FeSi discussed above are those of bulk samples that exhibit 
good crystalline quality. To our knowledge, no transport data has been reported on 
disordered (or even good crystalline quality) FeSi films on Si for temperatures below 290 
K. In the range of 290 K– 400 K N. G. Galkin et. al. found that the FeSi (111) films 
grown on Si (111) display metal conductivity with holes as majority carriers [N. G. 
Galkin et. al. (2001)]. 
39 
 
 
 
Chapter 6 
Results 
Section 6.1 
Resistance Dependence on Temperature 
 Samples of FeSi were deposited to further investigate the role of Si in the samples 
compared to oxygen. These samples were expected to contain minimum amounts of 
oxygen since the samples were deposited in a base pressure of approximately 1× 10-6 torr. 
The temperature at which the samples were deposited was about 400o C. After the 
deposition was completed and samples were cooled down, they were tested for resistance 
dependence on temperature. Figure 6.1.1 is a typical result of such measurements. 
The figure clearly shows a sharp transition at about 253 K, and the trend of the 
resistivity seems to go from metallic-like behavior above the transition temperature to a 
semiconductor-like behavior after the transition with high resistance values. The 
transition height from the lowest resistance value to the highest measured at 20 K was 
greater than 3 orders of magnitude as measured by a 1 µA current pulse. The sharpness of 
the transition, changing from one behavior to another, only covered a range of about 50 
degrees of temperature. When this temperature range is compared to the resistivity 
behavior of bulk FeSi presented in figure 5.3, one can see that even though FeSi goes 
through a change in resistivity, it is very different from the transition that was witnessed 
in the present samples. The total magnitude or height of the transition in bulk FeSi was 
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only about 3 orders of magnitude, and the sharpest part of the transition covered a range 
of about 180 degrees of temperature and is only noticeable when the temperature is 
plotted logarithmically. This experiment demonstrated that a high content of oxygen is 
not needed and that an FeSi film is enough to show the transition. The transition is very 
similar to the one observed in the iron oxide samples, but here we see a much cleaner 
data line or curve. When measurements of voltage taken for FeSi samples in order to 
calculate the resistance are analyzed they gave standard deviation values of 1 to 3 orders 
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Figure 6.1.1: Resistance dependence on temperature of an FeSi sample deposited at 400o C on (100) Si. 
The current applied to the sample was 100 µA and 1 µA. The insert is the resistance versus temperature 
for a Si doped Fe2O3 sample deposited in an O2 ambient pressure of 1 mtorr. The measurement was also 
made using 100 µ A. 
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of magnitude less than the measured average value. This is reflected in the error bars of 
figure 6.1.1. Also in figure 6.1.1 one is able compare results obtained from FeSi films to 
results from Fe2O3 films. Note the smaller error bars for FeSi samples below the 
transition temperature. This indicates a better signal to noise ratio, which could be an 
indication of better conductivity. 
We have seen the transition in films with different concentrations of oxygen and 
silicon. Even though there are different transitions associated with the different oxides 
and FeSi (see chapters 2, 4 and 5), none of them are the same as the one observed in the 
samples discussed here. It was considered worthwhile to verify the idea that the transition 
is only related to a film characteristic rather than to a bulk property. This may be caused 
by the thickness of the thin films making the samples essentially two dimensional, or it 
may be because of the different interfaces formed when a film is deposited. To control 
the interface between the film and the substrate it was chosen to deposit thin films over 
different substrates. In addition a buffer layer was also implemented as a means of 
changing the properties of the interface. The substrates used were Si, sapphire, glass, and 
glass buffered with Ti. The findings of these experiments are shown in figure 6.1.2. 
It is easy to observe from the data displayed in figure 6.1.2 that a transition takes 
place whenever FeSi is deposited on a Si substrate. Even when Fe3O4 is deposited on top 
of FeSi a transition is visible when deposited on Si. The fact that no transition is observed 
for Fe3O4/FeSi/Sapphire means that the transition is due to the FeSi/Si interface and the 
Fe3O4 layer does not have much influence on the transition. 
The FeSi/Ti/glass sample demonstrates that this behavior does not occur when 
FeSi is encountered with any conductive interface. This sample shows a resistance with 
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exponential proportionality with the inverse of the temperature, as expected from a 
semiconductor. Presenting the data as resistivity would have made a better comparison 
between different samples, but that is not possible to do with accuracy. This is because it 
is clear that the interface is important, and calculation of resistivity requires the exact 
dimensions of the interface part of the sample expressing the transition effect. 
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Figure 6.1.2: Resistance dependence of FeSi on temperature for deposition on different substrates 
(glass, sapphire and Si), buffer layers (Ti) and as a buffer layer for other materials to be deposited on 
(Fe3O4). 
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Since this substrate dependence data suggests that the interface between FeSi and 
the Si substrate is an important factor, experiments controlling the interface between the 
substrate and the film were conducted. The diffusion of the film into the substrate is 
temperature dependent. Therefore, by depositing at different temperatures it should be 
possible to change the interface, making it least defined or less sharp at high deposition 
temperatures and sharply defined at lower temperature. 
Figure 6.1.3 shows the resistance dependence on temperature for samples 
deposited at different deposition temperatures. This data is normalized with respect to the 
maximum resistance measured. The normalization makes it easier for comparison, 
Figure 6.1.3: Dependence of the resistive transition on deposition temperature. As the deposition 
temperature is increased, the magnitude and sharpness of the transition decreases. 
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44 
especially since the data is not being presented as resistivity. It is clear from the data in 
figure 6.1.3 that as the deposition temperature is increased from room temperature (R.T.) 
to 900o C the magnitude of the transition drops from 3 orders of magnitude to a factor of 
2. And the temperature range over which the transition takes place changes from 40 K to 
60 K. The deposition temperature increase lowered the magnitude of the effect and 
broadened the transition range. This change is attributed to the broadening of the 
interface as the Fe diffuses through the substrate. 
The data displayed in the different figures presented so far indicates that the thin 
film itself is not the main reason for the transition. The substrate and the interface that the 
film forms with it appears to play as big a role as the film itself. We characterized the 
substrate’s (p-type Si (100), 1-10 Ω-cm, 1014/cm3) resistance dependence on temperature 
to gain more insight on the process of the transition. The data for the substrate along with 
the data for a sample deposited on Si and sapphire as well are presented in figure 6.1.4. 
The resistance behavior of the Si substrate at high temperature seems to agree with 
literature cited in Chapter 3. Due to the doping of the substrate, the resistance decreases 
with temperature at high temperatures, exhibiting a metal-like behavior. This is the exact 
behavior of the combination film deposited on Si at high temperatures. As the 
temperature drops, the FeSi/Si samples seem to emulate the behavior of a sample 
deposited on an insulating substrate (e.g. FeSi/Sapphire), even though the substrate still 
exhibits lower resistance than the film itself. The evidence presented by the data up to 
this point suggests that the current actually flows through the substrate down to a certain 
temperature where some kind of charge freeze or charge blockade takes place at the 
45 
interface impeding the flow of the current. If the current path to the substrate is blocked, 
then it will have to flow through the film. 
Transmission Electron Microscope (TEM) images revealed multiple layers in the 
samples. It was expected to find a layer of the material being deposited, a native oxide 
layer and finally the substrate, but the TEM images revealed the presence of a fourth 
layer. TEM images of the same sample are shown in figure 6.1.5 (b) and figure 6.1.6 
(figure 6.1.6 is displayed at the end of the section). Atomic profiling of the sample, 
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Figure 6.1.4: Resistance dependence on temperature of the FeSi film (FeSi/Sapphire), FeSi with 
interface interactions (FeSi/Si) and the substrate by itself. 
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shown in figure 6.1.5 (a), indicates that the bulk of the film contains roughly a one to one 
ratio of Fe to Si. This was expected because the sample is FeSi. As the profiling moves 
deeper into the sample we see the continuous decrease of Fe content. Just as the second 
layer is crossed a slight but sudden increase in Fe content is observed in the atomic 
profile followed by a continuous decrease as the substrate is reached. 
A passive circuit such as the one in figure 6.1.6 was used to roughly simulate the 
interface’s resistance dependence on temperature. This circuit assumes a four point probe 
measurement system with the spacing between the leads being equal thereby resulting in 
equal resistance between the leads. The three layers of resistance in the circuit represent 
the resistances of the sample between the leads (r), the interface linking the deposited 
material to the substrate (R), and the substrate (r’) respectively. Analysis of the network 
simulating the sample (film, interface and substrate) shows that the current going through 
the sample (I2) between the voltage contacts of the four point probe is equal to 
( )[ ] ( )
( )R2rr'2Rr4R2rr'
R2rr'Ir'Rr'RI2I 2222 +++++
++++=  (6.1.1) 
where I is the current pulse applied to the sample by the constant current power supply. 
From equation 6.1.1 one finds that I2 is equal to I as R tends to infinity. This is consistent 
with the reality that if the interface no longer allows current to flow, it will have to pass 
through the deposited material. I2 will have a dependence on the film and substrate 
resistance when R is zero, which implies that a parallel flow of current will take place if 
the interface is not highly resistive. 
Our system actually measures the voltage (V), so if equation 6.1.1 is multiplied by 
r, we get that the measured voltage according to our model to be, 
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( )[ ] ( )
( )R2rr'2Rr4R2rr'
R2rr'IρR'RI2rV 222 +++++
++++= rr  (6.1.2) 
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Figure 6.1.5: (a) Atomic profile and (b) TEM image of an FeSi/Si sample deposited at 400o C. 
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From equation 6.1.2 one could solve for R (the interface resistance) and get the solution 
( )[ ] ( )[ ] ( ) ( )[ ]( )
( )rIV4
rIVrIr'rr'Vrr'8rIr'r'rV16rIr'r'rV4
R
2
−
−−++−−+±−+−=  (6.1.3) 
This supplies two solutions for R, one using the additive sign and the other using the 
subtraction. 
It was possible to get numerical values for R by fitting the data of an FeSi film for 
r, and the data fit of a Si substrate for r’. To get an accurate representation of r, FeSi was 
deposited on sapphire. The sapphire substrate isolates the film since it is not a conductor. 
By electrically isolating the FeSi film, any resistance data collected would be 
representative of the film only. The data for the sample and the four parameter fit curve 
are presented in figure 6.1.7. It is recognized that almost anything could be fitted by a 
four parameter curve, but the interest here is to study the characteristics of the interface 
(R), and not the film itself. The substrate data at high temperatures was also fitted and the 
generated curve was substituted in equation 6.1.3 to replace r’. The equation representing 
r and r’ have the form, 
2
1
4
2
T
c
3
T
c
1 ececr +=
−
 (6.1.4) 
Ta
1
2ear'=  (6.1.5) 
where c1, c2, c3, c4, a1 and a2 are fitting parameters. Equation 6.1.4 has two terms, the first 
represent a normal semiconductor equation, while the second term shows what is known 
as a variable range hopping conduction mechanism. Equation 6.1.5 indicates that the 
resistance of the substrate will continue to decrease with temperature. Even though it is 
known that this is not true, no corrections have been made to compensate for the fact that 
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the resistance will eventually have to increase at low enough temperatures. This is 
because according to our model and assumptions no current will flow through the 
substrate below the transition temperature. 
A data set of measured V and applied current were also substituted in equation 
6.1.3. This in combination with values of resistance from equation 6.1.4 and 6.1.5 were 
used to obtain R, which was plotted versus temperature. The substitutions in equation 
6.1.3 generate a curve as seen in figure 6.1.8 for the subtraction solution. The addition 
solution of R generated negative values, and they were not considered. It is possible to fit 
the low temperature (less than 200 K) generated R to one curve with two parameters and 
Figure 6.1.7: Four-parameter fit for the resistance versus temperature curve for FeSi deposited on 
sapphire to isolate the film’s resistance characteristics. 
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the high temperature (greater than 234 K) generated R to the same type of equation but 
with different parameter values. The equation that fits R in both regimes is 
T
b
ebR
2
1=  (6.1.6) 
where b1 and b2 have different values for the different temperature regimes.  
On taking these fits along with the equations used for r and r’ and substituting these in 
equation 6.1.2 we can obtain new fitted values of the voltage. These are plotted along 
with the measured voltage as a function of temperature in figure 6.1.9. Obviously the fit 
for R at low temperatures generates a V that fits the data at temperatures below 200 K. 
The curve used for fitting R at high temperatures however simulates V much better than 
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Figure 6.1.8: Subtraction solution to equation 5.1.3. Data fitted curves were substituted for r and r’ 
while actual data were substituted for V and I. 
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the low temperature fit of R and actually follows the trend of the measured data after the 
transition. At temperatures lower than 63 K, both curves are very close. One of two 
conclusions could be drawn from these results. One is that the electronic character of the 
interface changes with temperature and one would need at least two different equations to 
describe this behavior, one at high temperatures and one at low temperatures. The second 
would be that there might be one solution for R that is capable of describing the complete 
transition therefore describing the electronic characteristics of the interface. 
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Figure 6.1.9: Measured voltages and results of modeling for an FeSi/Si sample based on the passive 
circuit network of figure 6.1.6. The solid line is the result of using the R fit for high temperatures and 
the dashed line is when the low temperature part of R is fitted and used in equation 5.1.2 instead. 
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Refining this crude model was abandoned in light of results from different 
experiments that suggest that this model might not be the right one to fully describe the 
interface, and a different, more complex model, which includes electronic components 
such as diodes and J-FET transistors, would be more descriptive of the behavior of the 
interface. These results will be discussed in the following section (section 6.2). 
One way to cut the current path to the substrate is to create an insulating layer 
between the Si substrate and the FeSi film. For that purpose a substrate was placed in an 
oven at atmospheric pressure and environment. The oven was heated up to 1000o C for an 
hour. This procedure would allow the growth of a silicon oxide layer; which is 
electrically insulating. After insulating the substrate an FeSi film was deposited at room 
temperature to minimize the diffusion of the Fe through the oxide layer. Resistance 
characteristics of the film with respect to temperature are plotted in figure 6.1.10. The 
transition seen in films of FeSi when deposited on Si is not observed. This again suggests 
that a contact or interaction between the film and the Si substrate is necessary for the 
observed transition to take place. Direct physical contact might not be necessary, since 
the transition is observed in substrates that have not been etched. These un-etched 
substrates have a native oxide layer formed due to the dangling Si bonds on the substrate. 
Even at room temperature in ambient air these native oxide layers have a thickness of up 
to 50 Å. 
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The following figure (figure 6.1.11) re-enforces the idea of the current path 
actually going through the substrate and then being confined to the film itself after the 
transition takes place. As the doping level is increased in the substrate, lowering its 
resistivity to ≤ 0.005 Ω cm, the film acts as if it does not exist allowing current to flow 
through the substrate showing metallic-like behavior. The transition is therefore not 
observed. As the substrate resistance is increased (lower doping levels) the transition 
appears again. Note that the substrate resistivity is at least 5-50 times greater than what is 
used in the default setup for sample deposition. When doping levels are too low 
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Figure 6.1.10: Resistance dependence of FeSi deposited on SiOx/Si. The transition seen on films 
deposited on Si substrates is not observed here, ostensibly because of the current being denied access to 
the substrate. 
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(resistivity > 3000 Ω cm) then the sample behaves as if it is deposited on an insulating 
substrate. This indicates that there is a range of substrate doping for which the transition 
can take place, and/or enhanced. Note that the transition magnitude using a 5-50 Ω-cm 
substrate is less than the magnitude of a transition using a 1-10 Ω-cm substrate. This 
again indicates the importance of the substrate properties, and specifically electric 
properties, in the role of the transition. 
In any of the cases where the transition is present three distinct regions can be 
seen. Each region with its distinct behavior relates to a specific conduction mechanism. 
At high temperature (higher than the transition temperature) it is easy to distinguish the 
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Figure 6.1.11: Effect of substrate resistivity on the transition. FeSi films were deposited under the same 
conditions as for films deposited on 1-10 Ω-cm Si substrates. 
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metallic behavior of the sample. At low temperatures (< 175 K) it changes the behavior to 
one that is more associated with a semiconductor-like behavior, where the resistance 
increases with a decrease in temperature. The intermediate regime of temperatures 
constitutes the transition phase. 
For diagnostic purposes several samples with specific patterns were deposited. If 
the current path was actually through the substrate then a continuous sample should not 
be necessary for the transition to take place until the resistance of the interface becomes 
higher than that of the film. Therefore, a discontinuous film should show the metallic 
behavior, and go through a transition. At low temperatures two results could occur, either 
the current would go through the interface anyway and we would end up with a transition 
that would look the same as that for the continuous film, or there would be no conduction 
in the absence of a continuous film and the interface path is blocked. In the second 
scenario, no data could be obtained. 
To probe these scenarios a sample was prepared with a mask placed in the middle 
of the film. This mask produced “two” films (two halves of the same film) separated by 
the bare Si substrate. The contacts for the four-point probe were placed as two contacts 
on each half of the film as depicted in figure 6.1.13 (a). Figure 6.1.12 shows the results of 
the electrical measurements on such a sample. The transition is present in this sample as 
if it was a continuous film. This indicates that the current actually flows through the 
interface, across the substrate, and through the interface again. 
A second masked sample was prepared where only four FeSi dots were deposited 
on a Si substrate as seen in figure 6.1.13 (b). When resistance versus temperature 
measurements were made it was found that at high temperatures the sample followed a 
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metallic behavior, but at 260 K negative resistances were being measured which might be 
an indication of bad contacts being made. The main difference between the first masked 
sample and the second one is that in the first case one current lead was in contact with 
one voltage lead through half of the deposited film. The contacts were essentially made in 
pairs to the sample. Even though the film between the leads was highly resistive it was 
not insulating. As a second step to the experiment one current lead was shorted to the 
nearest voltage lead with silver paint (see figure 6.1.13 (c)) forming a three-point probe. 
The resistance curves obtained with respect to temperature indicated that a transition was 
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Figure 6.1.12: Resistance dependence on temperature of a discontinuous sample deposited on a Si 
substrate. This is further evidence that the current path is not necessarily though the film itself, but 
through the substrate instead. 
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present in one current direction and not in the other. The remaining two contacts were 
shorted with silver paint and a similar resistance curve was obtained for both current 
directions (see figure 6.1.13 (d)), and they both exhibit the transition. The result of these 
experiments is depicted in figure 6.1.14. 
Note that the resistance axis in figure 6.1.14 is presented in a linear scale, in 
contrast to the form that the data has been presented so far. Since negative resistance was 
measured it would not have been possible to present the negative values on a log scale. 
The voltage leads were not able to detect or sense the transition when they were isolated 
from the substrate. The voltage drop is somewhat the same in magnitude and the same in 
sign in either current direction, the negative resistance being introduced by dividing the 
voltage by a negative number (opposite current direction). When the voltage leads were 
shorted to the current leads, the instrument was able to detect the voltage applied to the 
film substrate junction to pass a constant current determined by the user. 
The presence of the transition is reproducible. We have observed this transition in 
all samples that we have deposited under the conditions mentioned in chapter 3. Even 
though the transition itself is reproducible, the temperature at which the transition takes 
place, the magnitude of the transition and the general dependence of the resistance with 
respect to temperature is not. 
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Figure 6.1.15 shows the data from three samples deposited under the same 
conditions. The same FeSi target was used for all samples. The deposition was made at 4 
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FeSi FeSi 
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Figure 6.1.13: Samples deposited using a contact mask. (a) A discontinuous sample exhibited the 
transition as a continuous one would. (b) Four dots of FeSi deposited on Si using a contact mask. (c) 
Two of the dots where electrically shorted by silver paint producing a 3-point probe. (d) The last two 
contacts were shorted rendering effectively a 2-point probe. 
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Hz for 5 minutes and the substrate was held at about 420o C. From the figure it can be 
observed that the samples MS104 and MS115 have a very close transition temperature 
but differ from sample MS149. MS149 and MS115 exhibit a similar magnitude 
transition, which is higher than the one seen in MS104. At low temperatures all three 
samples behave differently. 
This behavior is also seen in samples that have been deposited for longer times to 
make thicker films. It is believed that this is due to the relatively high pressures (low 10-6 
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Figure 6.1.14: Resistance vs. temperature for four dot-masked sample. Four leads, all current leads and 
voltage leads are separately connected to one FeSi dot. Three leads, one current and one voltage leads 
are shorted. two leads, the remaining two contacts (one current and one voltage) are also shorted. The 
plus and minus sign is just a current direction representation. 
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torr) at which the samples are being deposited, in combination with possible 
contaminants, which might be present at different stages of sample preparation and 
deposition. The system used for these depositions is not an ultra-high vacuum chamber  
and is used to deposit other films as well. These big differences were not observed for 
samples that were deposited as a series (i.e. one sample right after the other). Figure 
6.1.16 shows the resistance dependence on temperature for samples deposited under the 
same conditions but post annealed in-situ for different periods of time at the deposition 
temperature. From this figure one can draw two conclusions. Firstly that in-situ annealing 
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Figure 6.1.15: Three samples of FeSi deposited under the same conditions. All samples show the 
transition in general, but the details of the transition and the behavior in the different regions is not 
reproducible. 
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at deposition temperatures does not significantly affect the characteristics of the 
transitions, and secondly, that samples deposited under the same conditions, and 
consecutively, produce results that are reproducible. 
Samples that have been annealed in-situ at the deposition temperature did not 
change the film’s characteristics as shown in figure 6.1.16. It was decided to place one of 
the films back in the chamber and anneal it at higher temperatures. The results of in-situ 
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Figure 6.1.16: Resistance versus temperature curve dependence on in situ sample annealing. All 
samples were deposited under the same conditions but were annealed for different times at the 
deposition temperature, which was 400o C. 
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annealing at 400o C and post-deposition annealing at 600o C are shown in figure 6.1.17. It 
is clear that even though the transition did not vanish, it was certainly modified. There is 
a dip in resistance of the post-annealed sample that coincides with the transition knee for 
the un-annealed sample. The dip in resistance was followed with a sharp rise in 
resistance. This sudden increase was sharper than the increase in the as-deposited sample 
and equal in magnitude. 
To see if this modification is temperature dependent a second sample was 
annealed at 900o C after resistance measurements were made on a chip from the same 
sample as deposited. From figure 6.1.18 one can clearly see that the transition was 
destroyed. The post-annealed sample shows a dip in resistance at the transition point, 
similar to the one observed in figure 6.1.17, except that it was not followed by a sharp 
increase. There is no data after 165 K because the instruments were measuring a negative 
resistance. The significance of this negative resistance is not exactly known. It is 
interesting to note that a sample that has been deposited at 900o C does exhibit a 
transition even though it is to a lesser degree (see figure 6.1.3). One explanation could be 
that the characteristics depend on the deposition temperature and are destroyed when they 
are brought up to higher temperatures during annealing. However, it is much more likely 
that the cause is related to the contamination of the sample surface when it was exposed 
to atmosphere to perform the resistance measurements. These contaminants, such as 
oxygen, might be diffusing through the sample modifying it and modifying the film’s 
interaction with the substrate and the interfaces. 
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One of the characteristics that was investigated was the dependence of the 
resistance on the current that was used during the measurement. Figure 6.1.19 shows the 
resistance dependence on temperature and current. It is clear from this figure that there is 
a dependence of the transition’s characteristics on the amount of current used. At low 
currents the transition takes place at lower temperatures. Even though the total increase of 
resistance for low currents is higher than for higher values of current, the transition is 
broader. All three current values follow the same metallic like behavior before the 
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Figure 6.1.17: 600o C post annealing of an FeSi film. The sample was deposited at 400o C and was 
annealed at deposition temperature in situ for 1 hour. Resistance measurements were made on one piece 
of the sample and a second piece was placed in the chamber and annealed at 600 o C. 
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transition with the same slope, but after the transition the low temperature behavior 
changes for different current values. An interest in studying the IV characteristics of these 
samples emerged from these results. Such IV curves were generated simultaneously as 
the resistance measurements were taken. The temperature at which resistance 
measurements were to be made were preprogrammed into the system and at each 
temperature step the resistance was measured for different currents. Data of the current 
used and voltage measured were stored at the same time to be analyzed later on.  
To investigate if this behavior is limited only to FeSi/Si samples, where Si must 
have a certain doping, some other preliminary experiments were performed by depositing 
Fe, CoSi and TiSi on Si substrates with resistivity values of 1-10 Ω-cm. Fe and CoSi 
samples exhibited the transition while samples of TiSi or Ti on Si did not. Results of 
these experiments are illustrated in figure 6.1.20. This indicates that not any metal, or 
transition metal, deposited on Si, would produce a transition similar to the one observed 
in FeSi samples. Even though all three metals Fe, Co, and Ti are transition metals, only 
samples containing Co and Fe deposited on Si exhibited the resistance transition as the 
temperature was lowered. This is interesting since Fe and Co are considered magnetic 
materials (with a net magnetic moment) while Ti is not. This curious result signaled the 
need for some magnetic measurements, which are discussed in a later chapter. 
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Figure 6.1.18: 900o C post anneal study of an FeSi film. The resistance characteristics of this sample 
were measured before placing a piece of the same sample in the chamber and annealing it at 900o C. 
This sample was deposited at the same temperature, as the samples in figure 5.1.16, but was not in situ 
annealed. 
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Figure 6.1.19: Resistance dependence on current for FeSi films. This figure shows that the resistance 
characteristics of the film are not ohmic. This means that the dependence of resistance on current is not 
linear. 
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Figure 6.1.20: The resistance dependence on temperature of different transition metals (TM) and TM 
silicides deposited on Si. All samples were deposited under the same conditions. 
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Section 6.2 
IV Characteristics 
 Figure 6.1.19 showed that the resistance was not constant when measured using 
different current values throughout the temperature range. The non-constant behavior of 
resistance is an indication that the relation between current and voltage is not linear at all 
temperatures. This ignited the interest in studying the IV characteristics of the sample 
under different temperatures. The IV studies would give an indication of the conduction 
mechanisms that are governing carrier transport in the samples and causing the sharp 
increase in resistance as a function of temperature. 
 From the resistance versus temperature curve one can identify three distinct 
regions and two knees smoothly connecting one region or mechanism to another. Figure 
6.2.1 (a) is a set of typical curves of the IV characteristics of an FeSi sample deposited at 
400o C. These curves were taken from different points along the resistance temperature 
curve, which is shown in figure 6.2.1 (b). The data points at which the IV curves are 
shown in (a) are marked with arrows in (b). 
 The IV plot exhibit a linear relation from room temperature and down to the 
transition point in the resistance vs. temperature curve. This could have been expected by 
observing figure 6.1.19. The negative linear slope down to the transition knee indicates a 
metal-like conduction mechanism. 
70  
-8x10-3 -6x10-3 -4x10-3 -2x10-3 0 2x10-3 4x10-3 6x10-3 8x10-3
-100.0µ
-50.0µ
0.0
50.0µ
100.0µ
-2.0x10-1 -1.0x10-1 0.0 1.0x10-1 2.0x10-1
-100.0µ
-50.0µ
0.0
50.0µ
100.0µ
-4x100 -2x100 0 2x100
-100.0µ
-50.0µ
0.0
50.0µ
100.0µ
-1x101 -8x100 -4x100 0 4x100 8x100 1x101
-100.0µ
-50.0µ
0.0
50.0µ
100.0µ
 
 
C
ur
re
nt
 (A
)
 300 K
 
 
 255 K
 
 
C
ur
re
nt
 (A
)
Voltage (V)
 185 K
 
 
Voltage (V)
 20 K
0 50 100 150 200 250 300
102
103
104
105
20 K
185 K
300 K
255 K
 
 
R
es
is
ta
nc
e 
(Ω
)
Temperature (K)
(a) 
(b) 
Figure 6.2.1: (a) IV characteristics of an FeSi film deposited on a Si substrate at 400o C and (b) the 
samples resistance dependence on temperature measured with a current of 100 µA. 
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When two different materials get in contact with each other a junction is formed. 
This junction could exhibit properties as in pn junctions or metal semiconductor junctions 
where band bending is present and barriers for conduction from one side of the junction 
to the other are formed. This enables the structure to act as a rectifier, allowing current 
from one side of the junction to flow (forward bias) while impeding the current flow from 
the other side of the junction (reverse bias). This junction formation exhibits a nonlinear 
relation (exponential) between current and voltage for forward bias, and constant (ideally 
zero current) up to a breakdown voltage. At voltages higher than the break down voltage 
current flows for reverse bias. In the absence of these barriers, a linear relation between 
Figure 6.2.2: IV curves of a discontinuous FeSi sample. The sample was deposited on 1-10 Ω-cm Si 
substrate
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current and voltage is present and it is said that the materials form an ohmic contact, 
where the current and voltage obeys Ohm’s law and the resistance is just the slope of a 
straight line in a V versus I curve. Based on this, and the negative slope for resistance vs. 
temperature plot, it could be said that down to the transition temperature the film 
substrate junction forms an ohmic contact, and the conduction mechanism is that of a 
metal-like one. 
As the temperature is lowered and the sample goes through the transition, the IV 
curves begin to gradually show a non-linear relation. This relation progresses to a 
maximum effect shown as the IV curve from figure 6.2.1 (a) at 255 K. This non-linearity 
shows a tendency towards saturation in current. A first reaction to explain this is that the 
voltage signal that is being measured is due to only part of the current as it travels 
through the film while the rest of the current is moving through the substrate, giving the 
impression of a current saturation. This analysis changes as we take into account the 
results of the masked film measurements where a discontinuous sample was deposited 
and its resistance measurements were taken. The discontinuous sample showed the same 
resistance dependence on temperature as a continuous sample (see figure 6.1.12). Also, 
the IV curves of the discontinuous sample were found to have the same results as the 
continuous sample, as seen in figure 6.2.2. These results re-affirm that the current travels 
across the film substrate junction and not necessarily along the film, and the transition 
would be due to changes taking place at the film and substrate interface. It is thought that 
this (the resistance transition and the current saturation) is due to gradual current 
suppression through the different layers present between the bulk of the sample and the 
substrate. Based on the evidence of Fe diffusion in Si and SiOx, it could be assumed that 
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Fe intrusions, nanowires or islands, throughout the layers between the film and the 
substrate are present and they act as conduction paths. As the temperature is dropped 
below the linear relation between current and voltages, these conduction sites are 
modified due to a charge freeze out or localization. The freeze out changes the carrier 
density throughout these conduction paths, creating different carrier densities between the 
conduction sites and the host layers. As voltage is applied to drive the current through the 
conduction path a pinch-off point is created. This is observed in the IV curve as a slope-
over towards saturation in current, which mimics IV curves for a field effect transistor (J-
FET). 
A J-FET consists of a channel of one type of doped semiconductor (n or p type), 
which is sandwiched between two layers of the opposite type of semiconductor (p or n 
type) as seen in figure 6.2.3 (a). The two ends of the channel are usually named the 
source (S) and the drain (D) of the device, since they act as the source and the drain of the 
charge carrier. The top and bottom layers are called the gate (G) and are usually tied 
together electrically. If the voltage at the drain (VD), source (VS) and gate (VG) are the 
same, the device would be in equilibrium and a depletion layer would be present at the 
junction of the channel with the gate layers as expected from a pn junction. As small 
values of VD are applied and maintaining VG at zero (figure 6.2.3 (b)), a small current 
will flow through the channel and one would observe a linear relation in the IV curves as 
seen in figure 6.2.4 (a). So for small values of VD the J-FET acts as a regular ohmic 
resistor. When voltage at the drain is increased further the channel width decreases 
considerably as the depletion layer increases. This decrease in channel width is due to the 
increased reverse bias between the gate and the channel; the process is shown in figure 
74 
6.2.3 (d). A slope-over due to channel narrowing is observed in the IV curve as a result of 
the increase in VD, see figure 6.2.4 (b). If VD is increased further the depletion region 
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Figure 6.2.3: J-FET diagrams. These diagrams depict the relation between VD and the depletion region 
and how they effect the current. (a) Equilibrium conditions just show the depletion layer of a pn 
junction. (b) At low applied VD the IV the J-FET act as an ohmic resistor. (c) For an applied voltage at 
the drain, a voltage distribution through the channel will appear, this will cause the depletion regions to 
be wider at the higher voltage end as in (d). (e) If VD is high enough a pinch-off point is established. R. 
F. Pierret, Semiconductor Device Fundamentals”, Addison-Wesley Publishing Company, (1996) 
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from both sides of the channel will come in contact, as seen in figure 6.2.3 (e), decreasing 
the channel width further and creating a pinch-off point. The value of VD at which the 
pinch-off point is achieved is known as saturation voltage (VDsat). Any increase in VD 
above saturation voltage would show as saturation in current (IDsat) as seen in the IV 
curve of figure 6.2.4 (c). 
The equation that describes the relation between current and voltage for a J-FET 
device below saturation voltage is as follows [R. F. Pierret, (1996)]: 
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Here ID and VD are the drain current and voltage respectively, Vbi is the voltage drop 
across the depletion region under equilibrium conditions, VG is gate voltage and Vp is the 
gate bias at which the conduction channel is depleted (pinch-off voltage) and VD is set to 
zero. The built in voltage is characteristic of the materials involved and the pinch-off 
voltage is characteristic of both the materials involved and the dimensions of the 
conduction channel. 
 A three parameter, and a two-parameter fit for one of the samples at intermediate 
temperatures, where slope over due to channel narrowing is observed, is shown in figure 
6.2.5. Even though a physical meaning for the parameter values obtained by the fit have 
not been extracted, this still illustrates that this process (current slope over) is apparent. It 
is not expected for the behavior of the samples to have an identical current voltage 
relation as that of a J-FET. Since it is not possible to fix the voltage of what would be the 
gate in the deposited samples to a certain value, it effectively gives VG the characteristics 
of a floating voltage. The geometry involved in the samples is somewhat different than  
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Figure 6.2.4: IV curves for the J-FET under various conditions, (a) small values for VD, (b) moderate 
VD values and (c) VD ≥ VDsat. R. F. Pierret, “Semiconductor Device Fundamentals”, Addison-Wesley 
Publishing Company, (1996). 
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the one-dimensional analysis involved in obtaining equation (6.2.1), so it is expected to 
find similar behavior to a FET device, but exact equations simulating our structure must 
be derived theoretically. Also one must consider the possible complexities of the carrier 
density along the current path in samples like the ones discussed here, since no 
engineering is being employed to control the diffusion or reaction of the different 
elements involved in the sample, reactions involving elements from the material being 
deposited, and the substrate with it’s dopant and surface properties. The parameter that 
was controlled was the carrier density in the substrate. Results of such an experiment 
have been illustrated in figure 6.1.11 enforcing the notion that carrier density along the 
Figure 6.2.5: IV fit for intermediate temperatures. Two and three parameter fit for an IV curve where 
current saturation is taking place. 
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current path is an important parameter, and that its variation produces very noticeable 
effects, preserving the transition or eliminating it by making the sample metallic like or 
highly resistive like, throughout the temperature range of 320 to 20 K.  
 The intermediate temperature IV curve, where current saturation is apparent, does 
not behave in exactly the same for the different samples, such as room temperature 
deposited or high temperature deposited samples. The fitting parameters might be  
considerably different for different samples. Figure 6.2.6 (a) and (b) is an IV curve for an 
intermediate temperature region of a 400o C and room temperature deposited sample 
respectively. As compared to figures 6.2.1 and 6.2.7 it can be seen that the curves in 
figure 6.2.6 tend to a slope-over at lower currents. Since this change in behavior is 
apparent in both room temperature and high temperature deposited film it is not attributed 
to deposition conditions but more toward possible contaminants which also could have 
diffused through the oxide layer and/or modified the electronic structure of Fe formations 
present throughout the layers between the film and substrate. A better reproducibility of 
the IV curves is expected to be possible if the conduction channels were engineered. 
As the sample was cooled down from 255 K the IV curves gradually began to 
return to an ohmic-like behavior. After the resistance goes through the second knee, the 
IV curves again began to show a non-linear relation. This apparent ohmic behavior close 
to the second knee is only due to a transition period and is observed because of an 
intersection of resistance vs. temperature curves for different currents (see figure 6.1.19). 
The sample began to show a slight upward curvature as if tending toward a voltage 
breakdown. This is most evident in figure 6.2.7 where IV curves of a room temperature 
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deposited sample are shown. The room temperature deposited sample exhibits the same 
IV behavior as the high temperature deposited sample except at low temperatures. 
When room temperature deposited samples make a transition through the second 
knee, the IV figure begins to curve toward a more evident voltage breakdown than the 
one shown for high temperature deposited samples. Figure 6.2.8 (a) and (b) display the 
IV relation for a commercial pn junction, both forward and reverse bias, and reverse bias  
Figure 6.2.6: IV curves for room and high temperature deposited samples. These do not show the same 
rate of saturation as samples shown in figures 5.2.1 and 5.2.2. 
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in detail respectively. In figure 6.2.8 (a) one can easily identify the forward and reverse 
bias regions for the pn junction. The forward bias region is the region where current 
passes through the junction with low applied voltage, which is the relation between the 
positive voltage and current in the figure. The reverse bias is when ideally no current 
passes through the junction until a break down through avalanching or Zener effect takes 
place after a certain voltage. This breakdown voltage is a characteristic of the device and 
the materials involved. The reverse bias behavior is shown as the relation between the 
negative voltage and current in figure 6.2.8 (a). But real junctions do let some current 
through the junction in reverse bias mode and this is appreciated in figure 6.2.8 (b). 
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Figure 6.2.7: IV characteristic curve for a room temperature deposited sample. These figures show 
similar behavior except at low temperature the upward curvature is more pronounced in these samples. 
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If a comparison between figure 6.2.8 (b) and figure 6.2.7 at low temperatures (140 
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Figure 6.2.8: IV curve of a commercial pn junction. This image was scanned from “Semiconductor 
Device Fundamentals” R. F. Pierre page 261-162. (a) This figure clearly shows the IV characteristics of 
pn junction, forward and reverse bias. (b) Detailed Current voltage relation for reverse biased pn 
junction.  
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K) is made one can notice the similarities. It has been established that the current passes 
through the sample substrate junction, and it actually goes through the junction twice. 
When the current pulse is applied, it travels from the film to the substrate and from the 
substrate to the film to be collected by the second lead of the power supply. If a 
conduction barrier is built due to the contact of different materials and the freeze out of 
charge transport through the interface layers takes place, as argued above for intermediate 
temperatures, the current will pass through two p-i-n like junctions, one entering the 
substrate and one leaving. As it goes through the first junction it could be in forward bias 
(reverse bias) mode, depending on which side of the junction is p or n type 
semiconductor, but as it exits the substrate it will encounter a reverse biased (forward 
biased) junction. The current will go through both junctions as long as the breakdown 
voltage of the junction is lower than the maximum voltage of the constant current power 
supply and the resistance of the film itself is higher. As one measures the voltage, the 
measurement would be equivalent to the measurement of the voltage drop across two 
resistances in series. The forward bias region resistance would be low compared to the 
resistance of the reverse bias junction, and as a result the measurement would effectively 
show the characteristics of the reverse bias mode. 
There is one more junction with the possibility of interface effects taking place; 
this is the interface between the lead contacts with the film itself. To rule out the 
possibility that the non-linearities observed in the IV data are due the metal contacts with 
the film rather than the film-substrate interface, figure 6.1.4 and 6.1.10 should be 
considered. If the transition was due to the lead’s interface with the film, a transition  
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would have been present in these samples where the only difference is the isolation of the 
film from the Si substrate (FeSi/SiOx/Si and FeSi/sapphire). 
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Section 6.3 
Resistance and Magnetoresistance as Measured by PPMS. 
 The resistance dependence on temperature for samples of Fe, FeSi and CoSi 
deposited on Si substrates exhibited a transition where the sample’s resistance went from 
metallic like characteristics to a highly resistive like state. This transition was not 
observed in Ti or TiSi samples. Acknowledging that Fe and Co are considered magnetic, 
it was thought that magneto-transport experiments could shed some light on the nature of 
the transition, whether the transition is inherent to the deposited material or whether it is 
characteristic of the sample substrate interaction and structure. Experimental 
measurements of magnetoresistance (MR) were performed, where magnetoresistance is 
defined as the measurement of the relative change in resistance with the application of a 
magnetic field. 
Four samples of FeSi were deposited on Si to study the effect of an applied 
magnetic field on the transport properties of FeSi films and the nature of the transition. 
Two samples were deposited at room temperature, one for 5 minutes and another for 45 
minutes, and two other samples were deposited at 420o C, again one for 5 minutes and 
another for 45 minutes. All the samples were deposited at approximately the same 
pressure and laser fluence. The measured thickness of the 45 minutes deposited sample at 
room temperature was 695 Ǻ. This generates a growth rate of 0.06 Ǻ/laser pulse or 15.4 
Ǻ/minute. This set of samples should give some information on the dependence of the 
85 
resistance transition on the magnetic field, sample thickness and deposition temperature. 
Also, a confirmation of the transition measured by a different system would eliminate any 
doubt about whether the transition observed at our laboratory is real or just a systematic 
error. Therefore, the following measurements on samples prepared at our laboratory were 
performed in the Physical Properties Measurement System (PPMS) at USF. 
 Results of resistance dependence on temperature for the four samples are 
presented in figure 6.3.1. Several features can be observed from this figure. All samples, 
independent of the deposition conditions, show the metal-to-insulator transition. The 
Figure 6.3.1: Resistance versus temperature measured by the PPMS. The only two parameters varied 
for the deposition of these FeSi samples are the substrate temperature and the deposition time. All 
samples exhibit the transition. 
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transition takes place at lower temperatures for samples deposited only for 5 minutes. 
This suggests a dependence of the transition temperature on thickness. From the 5 
minutes samples one could infer that the transition knee is lower for the sample deposited 
at 420o C, suggesting another dependence of the transition temperature. From the same 
figure one can see that for the samples deposited for 45 minutes the one deposited at 
room temperature exhibits a slightly lower transition temperature, contradicting the 
conclusion drawn from the 5 minute deposited samples. The transition temperature 
dependence on thickness or minutes of deposition in figure 6.3.1 are systematic 
variations. As illustrated in chapter 6.1 figure 6.1.15, samples deposited under the same 
conditions exhibit different transition temperatures. It is more likely that the transition 
temperature is strongly dependent on impurities introduced during sample preparation 
and/or variations in the substrate properties. These substrate variations would be due to 
doping variations from wafer to wafer. 
 From the results in figure 6.3.1 and other experiments, it is consistent that the 
magnitude of the transition is thickness and temperature dependent. Samples deposited at 
low temperatures (room temperature for example) exhibit higher magnitude transition 
then samples deposited at higher temperatures. Similar behavior is consistent with 
thickness; films deposited for 5 minutes show higher magnitudes of the transition 
compared to films deposited for 45 minutes under the same conditions. 
 One feature that was observed in the data taken by the Physical Properties 
Measurement System (PPMS) and displayed in figure 6.3.1 that was not observed in the 
data taken at our laboratory is a change in slope during the sharp increase in resistance 
and the upward curvature at low temperatures. Careful analysis of the raw data showed 
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that the current applied to the sample during the measurement changed from the set 
maximum value as temperature dropped. This is due to the operation parameters of the 
PPMS. For resistance measurements using the PPMS, the user sets maximum values for 
current, voltage and power. The PPMS operates without going over these maximums. As 
the temperature drops the resistance increases forcing the current to drop in order to stay 
under the limits of maximum voltage and power. From chapter 6 section 2, we saw that 
the current and voltage share a nonlinear relation causing the resistance measured to have 
a dependence on applied current. This dependence explains the discrepancy in the 
behavior of measurements made at our laboratory and the PPMS. Figure 6.3.2 illustrates 
the current output of the PPMS with temperature for one of the samples. A constant 
current of about 100 µA was output by the system down to 265 K, at which temperature 
the current output dropped sharply down to about 1  µA  and continued decreasing but at 
a much slower rate. The current at the lowest temperature (20 K) was about 0.03 µA. 
 Subsequent to confirmation of the transition by a second independent 
experimental setup (PPMS), magnetoresistance measurements were performed. Figure 
6.3.3 contains data for magnetoresistance measurements vs. temperature for different 
applied magnetic field orientations with respect to the surface of the sample and assumed 
current path. All in-field resistance measurements were made in a field of 7 Tesla (T) in 
magnitude. The data in figure 6.3.3 corresponds to FeSi/Si deposited at room temperature 
for 45 minutes. The orientation of the field with respect to the sample and the electrical 
contacts is depicted in figure 6.3.4. Also in figure 6.3.3 is the resistance dependence on 
temperature (thick solid line) as measured with a zero applied magnetic field. The left 
axis of the figure is magnetoresistance (MR) in units of percent and was calculated as: 
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where RH and R0 are the resistance measured in and out of the applied magnetic field 
respectively. The right axis is the resistance as measured out of field and the data is 
presented on a log scale. An out of field resistance was measured before an in-field 
resistance measurement was taken. These two consecutive runs (in and out of field) were 
used to calculate the magnetoresistance as in equation 6.3.1. 
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Figure 6.3.2: PPMS current output. Below 265 K, the current drops to maintain the limits of voltage 
and power of the PPMS set by the user. 
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 Several features can be observed in figure 6.3.3. A maximum value of about 47 % 
for magnetoresistance sharply rises as the transition knee is just passed. A sudden 
decrease takes place close to but before the decrease in current output of the PPMS. A 
smooth hump follows the sharp spike in magnetoresistance coinciding with the second 
knee of the resistance curve and settles to negligible values relative to the spike seen at 
higher temperatures. Even though the general behavior is followed by all the magnetic 
field configurations with respect to the sample surface and current path, the maximum 
magnetoresistance was measured when the magnetic field was applied parallel to sample 
surface and current path (inline with the four contacts on the surface of the sample). The 
Figure 6.3.3: Resistance and magnetoresistance dependence on temperature. The FeSi sample was 
deposited for 45 minutes at room temperature. The magnitude of the applied magnetic field was 7 T. 
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current path is defined here as the path that the current would have taken along the 
sample instead of across the sample as demonstrated in chapter 6 section 2. 
 The fact that the highest spike in magnetoresistance coincides with the sharpest 
change in resistance might indicate some type of phase change, which is affected by the 
presence of the magnetic field. This phase is not necessarily chemical or crystallographic, 
but a change in the conduction mechanism governing the sample. Figure 6.3.5 shows a 
FeSi 
I1 V1 V2 I2 
Si B (a) 
FeSi 
I1 V1 V2 I2 
Si × B (b) 
FeSi 
I1 V1 V2 I2 
Si B (c) 
Figure 6.3.4: Applied magnetic field orientation with respect to the film. Applied field (a) in plane and 
parallel to the assumed current path, (b) in plane and perpendicular to the current path, and (c) out of 
plane.   
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plot of the peak of the MR, which coincides with the change in the derivative of the 
resistance with respect to temperature signaling the change in the conduction 
characteristics or mechanisms. The resistance curve used in the differentiation was one 
that was measured at an applied magnetic field of 0 T. 
One must be careful and make sure that this peak in MR is real and not a 
systematic error. A systematic error was discussed earlier in this chapter for the resistance 
measurement with the PPMS, when the slope of the curve of resistance with respect to 
temperature changed half way through the transition. This was attributed to the changing 
current output of the PPMS and not something characteristic of the sample. 
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Figure 6.3.5: dR/dT versus temperature for an FeSi/Si sample. Maximum of MR coincides with the 
change in dR/dT. 
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 One of the systematic errors that could be present is that the resistance reading 
from one run to another could change due to heating of the sample if the sample does not 
dissipate heat at a rate that is high enough. Since the temperature sensor is not in direct 
contact with the sample, the temperature reading always has some error. This would 
cause the reading of one temperature and recording the resistance at another temperature, 
creating a shift in the data. If one compares two different runs and a shift is present, one 
can expect to see a spike in difference where the resistance shows the highest rate of 
change. Figure 6.3.6 exhibits the equivalent magnetoresistance of a similar error. The 
Figure 6.3.6: Percentage difference in resistance due to a temperature shift. The resistance measured at 
a lower temperature was shifted up by one temperature step (RH) and used to calculate the percentage 
difference with respect to resistance at the actual temperature reading (RL). 
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data from the same run was used to generate this figure. To get a high positive 
magnetoresistance we needed to shift the data to higher temperatures than what it was 
read at. For this kind of shift in data, the real and spurious magnetoresistance figure have 
the same distinct peak in magnetoresistance, but there are some differences between the 
two curves that ultimately show that this type of error, at least in a magnitude to affect the 
real MR, is not possible. The first discrepancy is that at high temperatures, before the 
transition, the magnetoresistance is negative in figure 6.3.6 while it is positive in figure 
6.3.3. At low temperatures and after a discontinuity at 200 K, the magnetoresistance 
calculated from the shifted data begins to increase as temperature drops while the data in 
figure 6.3.3 is approximately constant below 160 K and no discontinuities are observed at 
200 K. For figure 5.3.6 to be generated the whole data set had to be shifted up one 
temperature step, which is approximately 2 degrees. The difference in measured 
temperature for the same data point for 0 T applied field and 7 T applied field in plane 
and parallel to the path is between 0.01 % and 8.7 × 10-6 %. The difference in temperature 
for the data point around the peak of the MR curve is about 0.001 %. To be able to 
estimate resistance at lower temperature steps, the data around the knee was fitted to an 
exponential decay function. A figure containing the data used in the fit and the equation 
generated is shown in figure 6.3.7. For a temperature step of 0.004 K, the 
magnetoresistance was calculated to be only 0.1 % at 273.5 K. This indicates that the 
magnetoresistance calculated from two different runs, one in-field and one out of field is 
reliable as long as the sample has not been changed and/or rewired with different contacts 
between runs. 
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 The dependence of magnetoresistance on field magnitude and direction was also 
studied using the PPMS. Figure 6.3.8 illustrates such measurements at different 
temperatures for a magnetic field being applied perpendicular to the sample’s surface. 
The sample is FeSi/Si deposited at room temperature for 45 min. These temperatures 
were selected as confirmation points from the magnetoresistance versus temperature 
curve in figure 6.3.3, including the temperature (273 K) at which maximum 
magnetoresistance was observed. The values of MR at a magnetic field of 7 T for the four 
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Figure 6.3.7: Exponential decay fit near the transition region. In this region a maximum in MR is 
observed. A shift of 0.004 K in the data would induce only a 0.1% change in resistance. This confirms 
that the MR measured is not a systematic error. 
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different temperatures in figure 6.3.8 match the corresponding values in figure 6.3.3 
fairly closely and provide an independent verification of those measurements.  
There are three interesting features to point out from figure 6.3.8: the asymmetry 
for positive and negative applied field at 273 K, the steps or discontinuities observed at 
261 K and 257 K, and the non-reproducibility of the MR at 200 K. 
For the asymmetry for positive and negative applied fields at 273 K, note that the 
magnetic field was oriented in the positive direction when measurements for figure 6.3.3 
were taken. Even though similar results were observed for the magnetoresistance as was 
observed in figure 6.3.3 for the out of plane curve when the magnetic field is applied in 
Figure 6.3.8: Magnetoresistance dependence on an out-of-plane applied magnetic field. The sample 
was deposited at room temperature for 45 minutes. 
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the positive direction, we observe higher magnitudes for a negative applied field. 
Different runs of the same sample at different field orientations were taken as could be 
seen in figure 6.3.9. The additional runs did not exhibit any asymmetry in our 
measurement at 273 K, but showed it at 300 K. A CoSi sample deposited under the same  
conditions was placed along with the FeSi in the same run as for the data in figure 6.3.8. 
The CoSi sample had also exhibited an asymmetry but for the opposite direction of the 
applied field and the asymmetry was not as severe. The current was applied in opposite 
Figure 6.3.9: Magnetoresistance dependence on an in-plane applied magnetic field parallel to current 
path. The sample is FeSi/Si and was deposited at room temperature for 45 minutes. 
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directions for the CoSi and FeSi samples, which might indicate some relation between the 
asymmetry and the geometry of measurement setup. The data for the CoSi sample are 
shown in figure 6.3.10. It is not possible to point out the exact cause of this asymmetry, 
and there is evidence that suggests that this a systematic effect, since the asymmetry is 
present in both samples at about the same temperatures. The fact that they had opposite 
directions could be related to the fact that the current was in opposite directions. Also the 
asymmetry disappears for both samples and re-appears at lower temperatures and for 
different temperatures at different orientations suggesting that the effect is actually 
sample related. 
Theoretical studies had showed that gradients in the resistivity along the 
conduction path have an effect on the transverse MR measurement and is more noticeable 
if the divergence was along the path instead of perpendicular to it. The MR dependence 
on the orientation of the divergence of resistivity is reversed as the length to width ratio 
of the current path goes to zero. These deviations form homogeneity introduce a linear 
MR dependence on the transverse applied magnetic field, which would give different 
magnitude readings as the magnetic field direction is changed [H. H. Wieder, (1979)]. 
Clearly more experiments are needed to confirm the nature of this asymmetry. 
This can be done by repeating the present experiments on the same samples, performing 
the same experiments on a different sample deposited under the same conditions and 
conducting MR measurements using an AC current instead of DC. The AC measurement 
will eliminate any thermoelectric effects that might change the resistance’s value and 
influence the MR calculation. 
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The discontinuities observed for both temperatures of 261 and 257 K in figure 
6.3.8 were only observed for negative applied magnetic fields and samples that are room 
temperature deposited. It is believed that these discontinuities are related to the power 
output restrictions of the PPMS. Figure 6.3.11 is a plot of the current output of the PPMS 
as a function of the applied field when measurements where taken for the FeSi/Si sample 
at 261 K. It is easy to see and relate the discontinuities in the current output to the 
discontinuities in the MR measurements. The same figure also explains the deviation 
from the parabolic dependence in the positive direction as the current decreases linearly 
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Figure 6.3.10: MR of CoSi/Si. Sample was deposited at room temperature for 45 min. The magnetic 
field was applied normal to the surface of the sample. 
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with the increase in magnetic field beyond 3 T. The same is true for the discontinuities 
observed at 257 K for the same film. 
The last feature is that at 200 K we do not reproduce the magnetoresistance 
observed in figure 6.3.3. Even though we see a negative magnetoresistance at low applied 
magnetic fields, it does not maintain the sign or the magnitude as observed in earlier 
experiments. The current output of the PPMS remains constant for that temperature down 
to –6.3 T and up to 6.5 T, which are magnitudes much higher than the value of the field at 
which the magnetoresistance changes from negative to positive. A negative 
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Figure 6.3.11: Current output dependence of the PPMS on the applied magnetic field. The 
discontinuities in the current output are responsible for the discontinuities observed in the MR 
measurements and the deviation from its parabolic dependence on the applied field. 
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magnetoresistance is an indication that the change in resistance is due to a spin dependent 
transport process. This negative magnetoresistance is observed in both giant 
magnetoresistance (GMR) and colossal magnetoresistance (CMR) samples or devices, 
where resistance is decreased when a field is applied to align the spins in the 
ferromagnetic layers (in the case of the GMR sample) or particles (in the case of the 
CMR). It is possible that at a certain temperature range and for low enough applied 
magnetic fields the magnetic impurities in the sample play the dominant role in the MR 
measurement. 
 The parabolic dependence of the MR on the applied field along with the fact that 
it is a positive MR indicates that the effect is due to Lorentz forces [S. Tumanski, (2001); 
R. S. Popovic, (2004); S. A. Solin, et. al. (2000)]. The force acting on the carriers due to 
the applied magnetic field distorts the current paths, which gives rise to a resistance 
dependence on the field given by 
( )220 CBµ1RR(B) +∝  (6.3.2) 
where R0 is the resistance at zero field, µ is the carrier mobility and C is a coefficient that 
is geometry dependent. These distortions can be increased (or modified), and this would 
increase (or modify) the MR, by changing geometrical factors of the device or current 
path [S. Tumanski, (2001); R. S. Popovic, (2004); S. A. Solin, et. al. (2000)]. 
Geometrical factors such as the length to width ratio of the conduction path, size of the 
contacts on the samples and the position of the contact leads with respect to the length of 
the sample introduce an error in the magnetoresistance. For example, a change in length 
to width ratio changes the magnitude of the magnetoresistance while the dimensions of 
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the electrodes changes the dependence of MR on the applied magnetic field by changing 
the linearity between the Hall voltage and applied field [H. H. Wieder, (1971)]. 
According to the force a charge experiences from a magnetic field, a maximum in 
MR is to be observed when the magnetic field is perpendicular to the current path. The 
force experienced by the charge is mathematically expressed as 
BvF ×= qB   (6.3.3) 
where q is the charge of the electron, v is the velocity of the charge carriers and B is the 
applied field. As seen from previously presented data the maximum MR was observed 
when the magnetic field was applied parallel to the surface of the sample and parallel to 
the current path, assuming that the current flows along the film.  In chapter 6.1 we 
showed that this is not the case and that in fact the current flows through the film and into 
the substrate. This path would be effectively perpendicular to the applied magnetic field 
and is consistent with the maximum MR observed. Also in chapter 6.2, it was argued that 
the conduction mechanism changes as the temperature is lowered due to freeze out of 
carriers. Therefore the carrier density changes along the high temperature conduction 
channels created by the diffused Fe, or transition metal, from the film to the substrate. 
After maximum freeze out takes place and a change in conduction mechanism is 
established by the sample, the effects of the magnetic field on the sample changes and is 
observed as a decrease in the measured MR. This is consistent with literature which states 
that the MR due to Lorentz forces is modified due to changes in carrier densities along 
the current path [C. Herring, (1960)]. 
 Figure 6.3.12 shows the resistance dependence on the applied magnetic field 
perpendicular to the sample along with a different data fit for positive and negative 
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applied fields. It was found that two different equations were needed to better fit the data 
collected, as noted by the equations included in the figure. This difference is due to the 
asymmetric dependence of the resistance on the applied field direction. 
 Somewhat different results were obtained for magnetic field being applied in the 
plane of the sample surface and inline with the four contact leads. The asymmetry was 
not as severe (see figure 6.3.9), as when the field was perpendicular and at a temperature 
Figure 6.3.12: Resistance dependence on the applied magnetic field for an FeSi sample. The increase in 
resistance and the parabolic dependence on the field is an indication that MR arises from Lorentz forces 
acting on the charge carriers. Also seen is the fit for positive applied field and the negative applied field. 
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of 273 K. The data at which the maximum of MR is observed was fitted satisfactorily to a 
single parabolic curve as seen in figure 6.3.13. 
 The magnetoresistance results for FeSi shown so far were collected from one of 
the samples shown in figure 6.3.1; that sample deposited for 45 minutes at room 
temperature. The rest of the samples exhibited similar characteristics except that the 
magnitudes of magnetoresistance measured were less for samples deposited at 420o C. 
Figure 6.3.14 contains the data of magnetoresistance dependence on temperature for a 
sample deposited at room temperature for 5 minutes. The data was collected for a 
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Figure 6.3.13: Resistance dependence on the in-plane applied field fit for an FeSi sample. The 
dependence is clearly quadratic indicating that the magnetoresistance is mostly caused by Lorentz 
forces acting on the charge carriers. 
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magnetic field that was directed perpendicular to the samples surface. It exhibits the same 
features as the figures shown for the sample deposited for 45 minutes under the same 
condition.  
 Figure 6.3.15 shows the magnetoresistance dependence on the magnetic field 
applied in plane and parallel to the path of the current for a sample deposited at 420o C 
for 45 minutes. A parabolic dependence is observed at high temperatures (300 K), which 
vanishes at low temperatures and follows a linear trend with positive slope at 222 K and 
low values. 
Figure 6.3.14: Resistance and magnetoresistance dependence on temperature of FeSi/Si. This was a 
sample that was deposited at room temperature for 5 minutes. The magnetic field was applied out of 
plane at a magnitude of 5 T. 
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 The difference in MR for samples deposited at room temperature and 420o C 
could be due to a difference in the structure and/or composition of the interface. The 
higher substrate temperature could encourage greater diffusion of Fe to the interface. It 
also could cause a chemical reaction. This modifies the composition of the interface 
causing a change in the electronic properties of the conduction channels. 
 
Figure 6.3.15: Magnetoresistance dependence on magnetic field for a 400o C deposited FeSi sample for 
45 minutes. The magnetic field was applied parallel to the current path. 
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Chapter 7 
Conclusions and Suggestions 
 This dissertation presents, to the best of our knowledge, for the first time, a 
temperature dependent transition of up to 5 orders of magnitude in the resistance of 
selected thin films deposited on Si. 
Samples of Fe, FeSi and CoSi have been deposited on Si (100) and the resistance 
transition exhibited by these films was investigated. Even though the first sample to 
exhibit the transition was made using the dual laser deposition technique it was possible 
to reproduce the transition using single pulsed laser deposition. 
 Four point probe resistance measurements have revealed that the transition is 
present only in two of the three transition metal silicide materials used (FeSi, CoSi), and 
in Fe films, and not in Ti or TiSi. The transition magnitude and sharpness was higher in 
films deposited at room temperature than for those deposited at higher temperatures. 
Samples that are deposited at high temperatures (600 and 900o C) exhibit the transition, 
but the transition is modified (at 600o C) or destroyed (at 900o C) when annealed at 
higher temperatures than the deposition temperature. This might indicate that the 
diffusion of elements from the sample into the substrate and vice versa are not the key 
element for the transition to take place. The transition rather depends on a reaction 
between the arriving species with the substrate, which would be plume energy and 
substrate temperature dependent. The transition is consistently present in all the samples 
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deposited but the characteristics of the transition, such as the resistance dependence on 
temperature after the transition and the transition temperature itself, changed from sample 
to sample if they have been deposited at different times, with other experiments involving 
other materials being made in between. If samples were sequentially deposited on 
substrates from the same wafer then the transition is completely reproducible. This 
discrepancy is attributed to differences in the resistivity of the different wafers in the 
same box, since the box of wafers contain wafers with a range of resistivities (e.g. 1 – 10 
Ω cm), and to contaminants present in the chamber, since the chamber is used in the 
deposition of other materials. The fact that the transition is present only for a range of 
substrate resistivities is a strong indication that contaminants or dopants play a very 
important role in the characteristics of the transition. 
Similarities between the resistance characteristics of an FeSi/Sapphire and FeSi/Si 
at temperatures lower than the transition temperature and similarities between Si and 
FeSi/Si at high temperatures sparked the analysis of a passive three layered resistance 
circuit. It was possible to extract some information on what might be happening at the 
interface layers observed by the TEM images. Two possible approaches were explored. 
Either the interface resistance goes through change in its properties and two different 
fitting parameters (for the same type of equation) would be needed to describe the 
interface resistance, one at temperatures higher than the transition temperature and one at 
temperatures that are lower. Or it is possible to find one set of fitting parameters to 
describe the entire trend of the transition. Since the type of equation is known, a simple 
iterative process can be used to find the best fitting parameters. 
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Resistance measurements of non-continuous FeSi/Si films showed the same 
characteristics as a continuous sample, suggesting that a continuous sample might not be 
necessary. If a continuous sample is not necessary, then no, or very little current is 
flowing through the sample itself. This would render the model presented above invalid, 
since it gives an incomplete picture of what is actually taking place. 
Resistance dependence on temperature showed different values after the transition 
took place when a different measuring current was used in the determination of the 
resistance. IV curves obtained at different temperatures showed three distinct conduction 
mechanisms taking place throughout the entire temperature range. The relation between 
applied current and measured voltage showed a linear relation above the transition 
temperature. During the sharp increase in the resistance, a slope over of the current is 
observed as if tending toward saturation in current, similar to what is observed in a J-
FET. At low temperatures, a breakdown similar to what is observed in a pn junction in 
reverse bias mode is measured. These three different regions smoothly transition into 
each other. The breakdown voltage is most noticeable in samples deposited at room 
temperature. 
Magnetoresistance measurements showed that the resistance (therefore MR) had a 
parabolic dependence on the applied magnetic field. The parabolic dependence is usually 
a result of Lorentz forces acting on the charge carriers. It is believed that this is the case 
for these samples. The magnitude of the parabolic dependence is proven (through out the 
references presented in this work) to be geometry and carrier density dependent. This 
relates to this study since the geometry of the conduction paths taken by the carriers and 
the carrier density throughout the layers of the sample are directly responsible for the 
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transition. MR dependence on temperature showed a spike in MR coincident with the 
temperature at which the change in conduction mechanism takes place, around the 
transition temperature. The increase in MR does not last through out the sharp increase in 
resistance but actually drops, which might be only a signal that a phase change took 
place. This is not necessarily a crystallographic structure change, but one involving 
electronic structure. 
It is believed that a reaction takes place between the material from the plume and 
the substrate forming conduction paths connecting the deposited film and the substrate. 
These paths are plume energy and substrate temperature dependent upon the arrival of the 
plume during the deposition. An increase of the temperature after deposition could cause 
the modification of these conduction paths, therefore modifying or destroying the 
transition in resistance. As temperature is lowered a change in electronic structure of the 
conduction paths starts to take place, either changing them physically or affecting the 
carrier density throughout the paths. This is shown in the IV curves as a slope-over and in 
the MR as a spike through its dependence on temperature. As the electronic modification 
of the conduction paths is complete, it is believed that a conduction barrier is formed as 
in a pn junction. For conduction to take place the carriers would have to go over the 
junction in reverse bias, which is seen as a breakdown in voltage. Conduction across the 
barrier would happen if the breakdown voltage is lower than the voltage needed to drive 
the current along the sample. 
Even though the MR results were observed in 8 different samples (four FeSi/Si 
and four CoSi/Si) it is strongly recommended that the MR experiments be repeated as 
done in this work, since it was not possible to do so here. Also, it is recommended that 
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similar experiments be done on the same samples using an AC power source instead of a 
DC power supply. 
Detailed nano-structure analysis of the interface is in order for the confirmation or 
the denial of the existence of such conduction paths and the carrier concentration 
dependence on temperature along them. 
Once the existence of the conduction paths has been confirmed along with their 
electronic characteristics, an electronic circuit model could be developed which contains 
electronic elements describing the interface more accurately than the one presented here 
in the early stages of the study. A similar equation for current dependence on applied 
voltage for J-FET should be derived, keeping in mind a floating voltage for VG and that 
the “device” is three-dimensional instead of two (as in the case of a J-FET) in order to 
describe the transition region more accurately. 
Fe and Co are elements that are used in the investigation and development of 
devices. It is important to understand the interactions between these elements and Si, 
since current fabrication technology is Si based. This effect might be unique to PLD, and 
has been so far to the best of the author’s knowledge, but we recognize that this transition 
might be due to a reaction between deposited material and the substrate, and that the 
reaction might be present for other deposition methods that are used in the scientific and 
industrial communities if the conditions are favorable.
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